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Introduction 

It has been known that the waveforms of somatosensory evoked potentials (SEPs) were markedly changed by 
tactile interference stimulation [1-3]. However, it is as yet very difficult to determine the exact reasons for this 
phenomenon, since the spatial resolution of electroencephalography (EEG) is not high. Magnetoencephalography 
(MEG) has several theoretical advantages for the localization of brain dipoles, due to the lesser effects of the skull, 
cerebro-spinal fluid and skin compared with EEG. Several studies have employed MEG to examine somatosensory 
evoked magnetic fields (SEFs) [4-9]. Other studies have investigated about the above-described interference effects 
using MEG [10-12], but there is no report regarding tactile interference effects on SEFs following lower limb 
stimulation. It is suspected that both SEPs [13,14] and SEFs [12] following upper limb stimulation such as that of the 
median nerve are generated by dipoles located in area 3b in the primary sensory cortex (SI) which respond mainly to 
tactile stimulation, rather than group I muscle afferents. However, based on the different latencies of cortical SEPs fol¬ 
lowing the stimulation of mixed and cutaneous nerves in the lower limb, Burke et al. suggested that mainly muscle 
afferents contribute to the cerebral potentials produced by stimulation of mixed nerves such as tibial nerve of the lower 
limbs [15-17]. 

Therefore, the objective of the present study was to determine which Fibers of the peripheral nerves and which 
areas in the SI are responsible for generating SEPs and SEFs following lower limb stimulation, by investigating the 
effects of tactile interference on SEFs following lower limb (tibial nerve) stimulation. 

Methods 

Eleven normal volunteers (4 females and 7 males; mean age 333 years) were studied. Informed consent was 
obtained from all participants prior to the study. The electric stimulus was a constant voltage square-wave pulse deliv¬ 
ered transcutaneously to the right tibial nerve at the ankle at a rate of 1 Hz. The stimulus duration was 0.2 msec, and 
the stimulus intensity was sufficient to produce a definite twitch of the subject’s big toe. The recordings were per¬ 
formed in a magnetically shielded room with the subject sitting on a bed. Subjects were kept awake during the record¬ 
ing session. The biomagnetometer was centered at the Cz position of the international 10-20 system in each subject. 
The experimenter delivered continuous tactile stimulation to the right (ipsilateral) and left (contralateral) sole and the 
right (ipsilateral) palm using a soft wad of tissue paper concurrently with the right tibial nerve stimulus. The order of 
the “control” session (with no interference) and each interference session was random. Each session was made up of an 
average of 300 trials, and 2 sessions were recorded in each subject. Therefore, 22 sessions in 11 subjects were done in 
the present study. A spherical model was fitted to the digitized head shape of each subject, and the location (x, y and z 
positions), orientation and magnitude of a single equivalent current dipole (ECD) that best accounts for the magnetic 
field distribution measured by the MEG system at a specified point in each sampling time were computed. Magnetic 
resonance imaging (MRI) was used for overlays with the ECD sources detected by MEG. We measured the amplitude 
of each component using the maximum amplitude of the outgoing and ingoing magnetic field. To determine the differ¬ 
ence in the interference effects between the control and interference sessions more clearly, we used the amplitude in 
the control waveform as 100 %; for example, if the amplitudes of the control waveform and interference waveform 
were 100 fT and 60 fT, respectively, the amplitude ratio was 60%. The difference of amplitudes between the control 
and each interference session was statistically analyzed using a paired two-tailed t -test, and significance was accepted 
at the 0.01 level. 

Results 

(1) Control session (no interference): Four components were clearly identified in the control waveform of all 
subjects,and we termed them 1M- 4M.Their peak latencies were approximately 37 ms (1M),45 ms (2M),58 ms (3M) 
and 72 ms (4M) (Figs.l and 2). (2) Ipsilateral sole interference effect: All components but 3M recorded in the con¬ 
tralateral (left) hemisphere were significantly reduced (p<0.001) (Figs.l and 3). (3) Contralateral sole interference 
effect: The 3M component showed a significant enhancement as compared with the control waveform (p<0.01) (Figs .2 
and 3). (4) Ipsilateral palm interference effect: There were no significant changes in any of the components. (5) Source 
localization: The ECDs of each component were confirmed to exist around the foot area of the SI contralateral to the 
stimulated tibial nerve in both the control session and the interference sessions, and their locations were found to be 
very close to each other with the use of the MRI overlays (Figs.l and 2). 


©1999, Tohoku University Press 
Recent Advances in Biomagnetism 
T. Yoshimoto et al. (Eds) 


381 



Ipsilateral (right) sole interference 

1M Control session (1M component 37ms) 



20 40 60 80 

Figl : Averaged MEGs (all 37 channels are superimposed) following right tibial nerve stimulation 
and isocontour maps and location of ECDs at 37msec (1M component) in control session and ipsilateral 
sole interference session. After interference was applied to the ipsilateral sole, the 1M, 2M and 4M 
components were significantly reduced (p<0.001).The isocontour maps clearly revealed a single ECD 
and that the direction of ECDs was almost the same in both sessions. The ECDs in both sessions were 
also very close to each other, localized around the foot area of the primary sensory cortex (SI) on MRI. 





Contralateral (left) sole interference 

Control session (3M component 58ms) 


Interference session (3M component 58ms) 



Fig 2 : Averaged MEGs following right tibial nerve stimulation and isocontour maps and location of 
ECDs at 58msec (3M component) in control session and contralateral sole interference session. After 
interference was applied to the contralateral sole, the amplitude of the 3M component was significantly 
increased (p<0.01). The ECDs in both sessions were also very close to each other, localized around the 
foot area of the primary sensory cortex (SI) on MRI. 
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Fig 3 : Changes of the amplitude ratio (% index; mean ± S JD.) of each component in all interference ses¬ 
sions compared with the control session (= 100 %). All components except 3M were significantly reduced 
(p<0.001) in the ipsilateral sole interference session; only the 3M component was significantly enhanced 
(p<0.01) in the contralateral sole interference session. (Probability; * : p<0.01, * *: p<0.001) 


Discussion 

We propose that both SEPs and SEFs following tibial nerVe stimulation are generated in area 3b, responding mainly 
to ascending signals mediated through cutaneous fibers, by based on the results of our present and previous studies 
[9,12,18,19]. Halonen et al. reported that the stimulation of the thenar motor branch of the median nerve and the deep 
motor branch of the radial nerve produced only broad, ill-defined and small-amplitude scalp-recorded responses, while 
stimulation of purely cutaneous nerves gave responses of large amplitude [13]. Vogel et al. reported that the latencies 
of lumbar and cervical SEPs following tibial nerve stimulation were almost the same as those following sural nerve 
stimulation, and speculated that the latency difference of scalp-recorded SEPs between tibial and sural nerve stimula¬ 
tion resulted from “central factors” rather than a difference of ascending fibers of the peripheral nerve [20]. All these 
findings suggest that both SEPs and SEFs following tibial nerve stimulation are generated in area 3b, as are those fol¬ 
lowing median nerve stimulation. 

The 1M, 2M and 4M components were significantly reduced in amplitude by the tactile stimulation applied to the 
ipsilateral sole. A probable mechanism is the partial “saturation” of a cortical area concerned with the processing of 
input from cutaneous mechanoreceptors, such that the cortical area is unable to respond fully to the coherent volley 
evoked by the median nerve impulse [1-3]. The 3M component is unique, since it was significantly enhanced by the 
contralateral sole interference. However, it is not clear why only the 3M component was affected, and why it was 
enhanced and not reduced. We suspect that this phenomenon takes place in the hemisphere contralateral to the 
stimulation, due to activities from the other hemisphere mediated through the corpus callosum. It was recently suggest¬ 
ed that the activation of the posterior parietal cortex (PPC) by somatosensory stimulation involves the generators of 
SEPs in monkeys and humans. In studies of monkeys, neurons which received somatosensory signals from bilateral 
hands were found in the postcentral somatosensory cortex (areas 2 and 5), and the ipsilateral excitation was observed 
to be transferred through the corpus callosum [21]. Allison et al., studying the human brain with cortical surface 
recording, discovered that the generators of the ipsilateral SEPs were in the cortex within the walls of the postcentral 
sulcus of the cortex [22]. The activation of the human PPC following somatosensory stimulation has been examined 
using MEGs, and it was revealed by multiple dipole models that one of the sources of the middle-latency SEFs was 
located in the PPC [23,24]. These findings suggested that such PPC activities relating to tactile stimulation in the 
hemisphere ipsilateral to the stimulation might cause an enhancement of the 3M component. 

In conclusion, we suspected that the ascending signals in response to the electrical stimulation of the tibial nerve are 
mediated through the cutaneous fibers and reach area 3b. The amplitude reduction of most of the components evoked 
by ipsilateral sole interference is thought to be due mainly to the “saturation” of neurons in area 3b. The enhancement 
of the 3M component by contralateral sole interference is hypothesized to be due to the effects of the activation of 
neurons in the PPC which respond to signals from both sides of the body, as a manifestation of “bilateral function”. 
**This is the summarized paper of our previous reports [25,26]. 
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Introduction 

The present investigation closes a debate. There has been disagreement about the temporal order of activation of the 
supplementary and cingulate motor area (SMA/CMA) on the one hand and the primary motor cortex (MI) on the other. 
These two main motor centers — SMA/CMA (the premotor ‘mesial wall motor areas’) and MI (the ‘motor strip’) — are 
the two principal generators that produce the Bereitschaftspotential (BP) preceding human voluntary movement. It has 
been shown that the BP has two components, an early and a late one. The early component is called BP1, and the late 
BP2 [1]. It has been shown by the EEG method including current source density analysis [2] that SMA/CMA is the 
principal generator for BP1, while MI is the principal generator for BP2. 

The question is when do activities start? There are three possibilities: do both generators start activation at the same 
time, as some believe, or is MI earlier than SMA/CMA, which nobody believes or is SMA/CMA activation earlier than 
MI activation, which we believe. In short, the debate regarding SMA/CMA versus MI consists of whether there is 
parallel or serial ‘processing’. We always stressed the hypothesis that there is serial ordering and that SMA/CMA is 
upstream in the final motor cascade when it comes to channeling motivation, intention or the act of will into motor 
execution. When employing MEG, we were in a double dilemma: Both SMAs are always active even preceding 
unilateral movement (this is the reason why BP1 is symmetrical), i.e. the two opposing SMA dipoles are - at least 
partially - cancelling one another in the MEG (cancellation hypothesis). The CM As are in the upper wall of the 
cingulate sulcus, their activation creating radial dipoles that are not seen in the MEG. One way out of the dilemma was 
investigating a patient having a lesion of one SMA [7]. The other, in intact subjects, is presented here: For unilateral 
movement, the contralateral SMA should be slightly more activated than the ipsilateral one. With our sensitive whole 
scalp 143-channel CTF MEG system we should thus be able to detect this resultant - contralateral > ipsilateral - dipole 
for unilateral movement. 

Material and Methods 

Six healthy male right-handed subjects participated in the experiment. 

Paradigm: Five of the six Subjects (Ss) had to perform a sequential tapping of the right thumb against the tips of the 
other four fingers in the following chronological order: to start the movement by tapping against the fifth finger, then 
fourth, third, second, third, fourth and back to the fifth again. Ss had to execute the movements and sequences as fast as 
possible. After an irregular pause not shorter than five seconds, Ss had to start the next trial, but not by starting tapping 
against the fifth, but against the fourth finger, next trial starting with the third, next with the second, the third, the fourth, 
and again the fifth and so forth. The sequence always ended by tapping against the finger with which the sequence had 
begun. Ss performed a minimum of 300 such movements split up in three blocks with 100 trials each. One of the six Ss 
(S No. 6) had to perform a simple single tapping of one finger of the right hand at irregular intervals not shorter than 5 s 
also 300 times. 

Data acquisition : Data were recorded with a whole scalp MEG system with 143 channels (CTF Inc., Port Coquitlam, 
Canada) located in a magnetically shielded room using a software third order gradiometer. A sample rate of 125 Hz, a 
low pass filter of 40 Hz and a recording time of 5 s with 2.5 s pretrigger time were used. EMG was recorded from two 
electrodes over the abductor pollicis muscle. The onset of the EMG was used as a trigger for data acquisition. Head 
localization was done before and after each run with a motion tolerance of 0.300 cm using electrodes over the nasion 
and the two preauricular points as reference points. For avoiding artefacts due to head movements the heads of the Ss 
were wrapped up with a gauze bandage in order to fix their heads perfectly into the dewar. 

Data processing. After acquisition every trial of the data was explored for artefacts due to head or eye movements. 
Such artefactcontaminated data were excluded for further investigation. The mean number of artefactfree trials in one 
dataset was 230 trials (range from 179 to 270 trials). Subsequently an average over this artefactfree trials was made for 
every S. Then the field distribution of every S was scrutinized for magnetic fields originating from SMA every 10 ms 
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step by step. The time range in which this field was noticeable was recorded. Fig. 1 shows the field distributions in the 
time course of one of the Ss (S No. 5). 



Fig 1: Developement of the bilateral field distribution of one subject. Interval between each map is 100ms: Onset of 
movement at 0.000 ms 

Thereafter for every S different dipole models were calculated for different epochs. One-dipole models, two-dipole 
models and three-dipole models were calculated according to ‘best fit’ criteria. 


Results 

For every S different dipole models were individually calculated in different time epochs to establish the best fit. 

The best solution for S No. 1 was a three-dipole model fitted in the time range from -1 s to 0 s (onset of movement) 
with a small error of 8.5%. 

For S No. 2 three different dipole models for different time epochs could be established. Table 1 shows the coordinates 
of the SMA dipole for the different models. As is seen, the variance in the localization of this dipole is very small, i.e. in 
the range of mm. Fig. 2 shows the dipole localization for these three different dipole models. 

The best result for S No. 3 could be achieved with a one-dipole model. This dipole was clearly located in the 
contralateral SMA. 

The best solution for S No. 4 was found in a three-dipole model. The two lateral dipoles are located in the area of the 
primary motor area and the activity of the SMA is clearly located in the contralateral SMA. 

With S No. 5 a two-dipole model could be established. It was calculated in the time epoch between -1.7 and -1 s prior 
to movement onset. It was possible to fit a dipole in both the contralateral and the ipsilateral SMA. The dipole moment 
for the contralateral dipole was stronger having a moment of 2.4 nAm as compared to the one for the ipsilateral dipole 
having a moment of 1.65 nAm. Fig. 3 shows the localization of these two dipoles. Finally S No. 6 was performing the 
simple single finger tapping. In the time range from -1 to 0 s a three-dipole model was established with two dipoles in 
the two primary motor areas and one dipole in the contralateral SMA. 

While in Ss No. I to 5 SMA activity started at -1.6 s prior to movement onset on the average (range -2 to -1.4 s), in S 
No. 6 performing the simple single finger tapping - SMA activity started only later, at -1.1 s prior to movement onset. 
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Fig 2: 3 different dipole models in 1 subject 




Dipole model 

x-axis in mm 

y-axis in mm 

z-axis in mm 

1 dipole model 

34.5 

2.5 

73 

2 dipole model 

36.7 

2 

72.9 

3 dipole model 

34.5 

2.5 

73 


Table 1: coordinates of the SMA dipole of the 3 different dipole models in 1 subject. Note the stable localization of this 
dipole, x-axis is anterior-posterior(positive number is anterior relativ to the center), y-axis is medial-lateral(pos. is left 
relativ to center), z-axis is cranio-caudal (pos. is cranial relativ to center). 





Fig 3: 2-dipole model in one subject representing the contralateral and the ipsilateral SMA 


Discussion 

The debate was about the question when do the respective main motor centers get activated prior to voluntary 
movement and action. Theoretically, there are three possibilities: (1) Both principal generators start activation at the 
same time. (2) MI is earlier than SMA/CMA, which nobody really believes. (3) SMA/CMA activation is earlier than MI 
activation, which our group is advocating [3; 4; 5; 1]. 

How is the situation in the MEG? When first employing MEG in 1982, it was at once possible to record the magnetic 
equivalent of the Bereitschaflspotential (BP), and the term Bereitschaftsmagnetfeld (BF) or readiness field (RF) was 
coined [6]. In these and subsequent investigations it was, however, inpossible to record BF1, the equivalent of BP1. 
Indeed, regarding this initial failure of finding a BF1 in the MEG, we are in a double dilemma: Both SMAs are always 
active even preceding unilateral movement, i.e. the two opposing SMA dipoles are to a large extent cancelling one 
another in the MEG (cancellation hypothesis). The CMAs are located in the upper wall of the cingulate sulcus, their 
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activation creates radial dipoles. Unfortunately, pure radial dipoles are not seen in the MEG. One way out of the 
dilemma was investigating a patient having a lesion of an SMA [7]. The other way out of the dilemma - in intact 
subjects - is presented in this paper: For unilateral movement, the contralateral SMA should be slightly more activated 
than the ipsilateral one. With our sensitive whole scalp 143-channel MEG system we should have a chance to detect this 
small resultant dipole. 

This goal of the present study has been achieved: The results show that there is an equivalent of BP 1 in the MEG, thanks 
to the fact that the strength of the contralateral SMA dipole is greater than the ipsilateral one. This implies that the 
contralateral SMA contributes more to preparation and initiation of the voluntary movement than the ipsilateral one [8; 
4; 5; 9]. 

An important issue to tackle the problem was to select the adequate dipole model which can describe a stable dipole 
over the SMA. In order to achieve best fit, there was not always the same general dipole model applicable to all Ss. 
Rather it was necessary to select an individual dipole model for an individual S (see Results section). 

Wether there is the same pattern of activity of the SMA for simple movements like it is for complex movements was 
discussed very often with different findings. We made only one experiment with one S with a simple single tapping task. 
As it is written in the results section it was also possible to detect contralateral SMA activity in this S, but the beginning 
of the activity of the SMA was significantly later than in the other Ss performing the more complex task. 

As a conclusion it can be postulated that it is possible to detect SMA activity with a whole scalp MEG system, but it will 
be necessary to apply better tools, especially in the field of software facilities for processing data and calculating stable 
dipole models, to be able to determine general applicable dipole models. 

Thus, the hypothesis can now be formulated more vigorously: SMA/CMA activation is upstream of MI activation, since 
BP1 comes before BP2. Both principal motor areas seem to have a type of‘job sharing agreement’ in that SMA/CMA is 
in charge of functions such as motivation, intention, ‘act of will’, preparation, etc., while MI is in charge of functions 
such as execution and performance of the movement. SMA/CMA seems to be upstream of MI not only temporally but 
also hierachically: SMA/CMA starts the movement or action and also supervises Mi's execution and performance, if 
necessary (sophisticated, novel or skilled actions). For simple or automatized, routine movements, SMA/CMA can, as 
we have shown, delegate execution and performance entirely to the MI. There is no question that both the premotor 
SMA/CMA and the motor MI are needed for voluntary movement or action, however SMA/CMA is the ‘planner’, 
‘decision maker’, ‘supervisor’ - in short: ‘the boss’. 
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Introduction 

The sense of flutter-vibration is one of the most important elementary skin sensations. However, neural 
mechanisms of tactile frequency discrimination have not been well understood; entrainment of somatosensory 
cortical neurons was not observed at frequencies above 100 Hz and yet higher frequency stimulation could be 
perceived and discriminated [1]. There have been only one somatosensory evoked potential (SEP) study [2] and 
one SEF study [3] on the frequency representation in the human somatosensory system. In the SEF study, 
Mogilner et al. [3] delivered vibratory stimuli at frequencies of 50, 150 and 250 Hz to the upper and lower lips 
and the dipole locations of the trigeminally evoked SEFs (M55) in SI were shifted with change in stimulus 
frequency. In the present study, we address the issue of frequency representation in the SI somatosensory cortex 
for mechanical vibratory stimulation of the index finger. 

Materials and methods 

The experiments were conducted on 12 healthy students, 8 females and 4 males between the ages of 21 
and 23 years. Four different frequencies (50, 100, 200 and 400 Hz) of vibratory stimulation were used. The 
stimulation was produced by a nonmagnetic electromechanical piezoelectric transducer with a 1 mm diameter 
hemispherical aluminum tip. The transducer was mounted on a nonmagnetic fixation apparatus. We used a 
fixed vibratory displacement of approximately 200 fim as the stimulus. The vibratory stimulation with a 40 msec 
duration were delivered at random intervals between 2 and 3 sec. The frequency discrimination for the 4 
different frequency stimulations at the above intensity level was possible in all subjects. 

Neuromagnetic recordings (bandpass 0.1-300 Hz) were made with a whole head 122 channel planar 
gradiometer system (Neuromag. Helsinki). This system measures at 61 sites 2 orthogonal tangential derivatives 
dBz /dx along the latitude and dBzJdy along the longitude of the magnetic field component (Bz) normal to the 
helmet-shaped dewar surface. 

An epoch of 350 msec (50 msec pre and 300 msec poststimulus) was digitized at a 1 kHz/channel 
sampling rate and 150 responses were averaged on-line. SEFs for each set of 4 stimulus frequencies given in a 
random order were obtained from each subject. In order to confirm the effect of possible intensity difference of 
the different frequency stimulations, we delivered 4 different intensity stimulations at the same frequency 
stimulation (200 Hz) for SEF recordings in 2 subjects. 

We employed a single equivalent current dipole (ECD) model in a spherical volume conductor for 
identifying sources of the magnetic signal. Using a subset of 18 channels centering around the highest amplitude 
channel, 3-D location, orientation and strength of the ECDs were calculated by a least-squares search. Only 
ECDs with the goodness of fit of more than 80% and the 95%-confidence volume of less than 200 mm 3 were 
accepted for further analysis. 

An analysis of variance (ANOVA) was employed for statistics. 

Results 

The magnetic recordings from 4 subjects were excluded from further analysis based on the above 
criterion for selection of ECDs. Thus, SEFs from 8 subject (5 females and 3 males between the ages of 21 and 
23) were studied. Following vibratory stimulation, M60 occurred at the latency of approximately 60 msec for all 
subjects. Fig. 1 shows superimposed SEFs to 4 different frequency stimulations recorded over the left anterior 
parietal cortex. The SEF traces for different frequency stimulations are illustrated by different lines; solid for 50 
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Hz, dotted for 100 and 200 Hz and interrupted for 400 Hz. 

The ECD locations for M60 were clustered in a small area of the postcentral gyrus and there was no 
systematic arrangement for different frequency stimulations (Fig. 2). In addition, the directions of the ECDs 
were similar and posteriorly oriented for all different frequencies. ANOVA showed no statistical differences for 
source localization, moment, goodness of fit and 95%-confidence volume across different stimulus frequencies 
(Table 1). Although the dipole locations for higher frequencies were more medial (x coordinate), this was not 
statistically significant. 





meg scale: 50 fT/cm 
time scale: 100 ms 


Fig. 1 Enlarged SEFs from the left anterior parietal cortex with the highest amplitudes. The SEF 
traces for different frequency stimulations are illustrated by different lines; solid for 50 Hz, dotted for 100 and 
200 Hz and interrupted for 400 Hz. 



Fig. 2 Locations and orientations of M60 sources superimposed on the subject’s MRI for different 
frequency stimulations. The sources are indicated by arrow-heads and the directions, bars drawn from the 
arrow-heads. Arrow-head shapes are the following; circle for 50 Hz, square for 100 Hz and triangle for 200 and 
400 Hz. Upper-left shows coronal section, lower-left, axial and upper-right, sagittal section. 
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We measured SEFs for 4 different intensity stimulations with the frequency of 200 Hz and the 40 msec 
duration in 2 subjects. The M60 increased in amplitude and decreased in latency in increasing stimulus intensity. 
However, there were no differences in 3-D localizations across different intensity stimulations. Thus, the effect 
of stimulus intensity change across different stimulus frequencies in estimation of the ECD locations could be 
ruled out or was negligible. 

Table 1 

Mean (±S.D.) localization, moment (Q), goodness of fit (GOF) and 
95%-confidence volume (95%-CV) for the sources of M60 


Stimulus Coordinate(mm) Q(nA m) GOF(%) 95%-CV(mm 3 ) 


frequency 

X 

y 


z 





50 Hz 

-45.6±4.4 

16.0± 

8.1 

93.6±7.7 

16.1 + 

7.1 

94.0 + 3.5 

51.6 + 45.7 

100 Hz 

-43.3 ±4.0 

16.7 + 

9.4 

94.6±4.0 

21.4 + 

8.6 

93.7 + 2.8 

45.2 + 58.6 

200 Hz 

-42.5±3.5 

13.0± 

7.8 

95.0 + 6.5 

22.9 + 

11.2 

93.2 + 5.7 

44.2 + 71.3 

400 Hz 

-42.4±3.4 

16.0 + 

10.9 

93.0 + 3.5 

19.1 + 

7.5 

91.8 + 6.6 

46.6 + 40.7 


ANOVA 

p>0.05 


Discussion and conclusions 

The present results suggest that for the cortical projection area of the index finger, a systematic frequency 
organization may not be present. 

The possible reasons for the differences between the present findings with those obtained with trigeminal 
stimulation are the following. First, we used vibratory frequencies of 50, 100, 200 and 400 Hz while Mogilner et 
al. [3] employed frequencies of 50, 150 and 250 Hz. Thus, stimulus frequencies delivered were different. 
However, this may not be a contributing factor because with the use of wider range frequencies, the reported 
differences in dipole localization are expected to be more clearly shown in the present study. Second, the 
trigeminal area occupies a larger projection area than the hand area, leading to a higher resolution of a 
representational map, if present. The dipole evoked by 250 Hz stimulation was about 5 mm medial to the 150 Hz 
dipole [3]. In our study, a maximal displacement was seen between 50 Hz and 400 Hz dipoles and the 400 Hz 
dipole was medial to 50 Hz dipole by about 3 mm. In addition, the dipoles were more medial for successively 
higher frequencies. Although this trend was not statistically significant, the finding seems to be partly in line 
with that of Mogilner et al. [3], 

Meissner afferents are considered to mediate low frequency (5-50 Hz) stimulation and Pacinian afferents, 
high frequency (80-400 Hz) stimulation [4-6]. In SI cortex, input from Meissner and Pacinian receptors are 
segregated into distinct projection zones [7, 8]. 50 Hz vibratory stimulation activates Meissner receptors whereas 
100, 200 and 400 Hz stimulations discharge Pacinian receptors. Although impulse activity phase-locked to 
vibratory stimulus propagates up to Pacinian thalamocortical fibers, this phase-locking is not observed in 
Pacinian neurons of SI at frequencies above 100 Hz [1]. These response properties of Pacinian neurons cannot 
account for the subjective capacity for vibratory frequency discrimination within the range of 100 to 300 Hz [1], 
In the present study, we were unable to find spatial displacement of the ECDs for different frequencies. The 
findings are consonant with an animal study showing that the positonal relation between Meissner focus and 
Pacinian focus in SI is variable from one animal to another [8], Indeed, at the peripheral level, the 
corresponding two types of machanoreceptors are distributed in a mosaic-like pattern. Therefore, it is reasonable 
to speculate that at the cortical level, a systematic organization along the axis of frequency may not be present in 
the hand area of SI. 
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Introduction 

It has been well known that the sensitivity of our perceptual system is modulated by current interest or relevance, 
and our perceptual system can select particular sets of stimuli while ignoring irrelevant sets of stimuli. This 
modulation may be under the control descending from higher brain structures which govern our mental processes, i.e., 
concentrating attention on some stimuli or ignoring them (3,4,5,6) . It has been recently reported that the activity of some 
neurons in the primary somatosensory cortex was facilitated or suppressed in monkeys performing an attention¬ 
demanding task (l) . Forss, et al have reported that P35 component of median nerve SEF reduced significantly and 
activity of both secondary somatosensory cortices were significantly enhanced in task condition (contraction of thenar 
muscle at the stimulation of median nerve) <2) . In order to investigate the mechanism of attention-induced modulation 
of sensory perception without accompanying finger movement, we measured SEFs on counting mentally the stimuli of 
a specific finger which were delivered sequentially to 3 different fingers. 

Subjects and Methods 

Seven healthy right-handed subjects participated voluntarily in this study, and experiments were conducted 
according to the experimental regulations given by the Human Experiment Committee in Kyoto Prefectural University 
of Medicine, including taking the informed consents from them. During the experiment, each subject lay on a flat bed 
in a magnetically shielded room, with eyes open. 

As illustrated in Fig. 1A, three different SEFs (thumb stimulated SEF, index stimulated SEF, and little finger 
stimulated SEF) at the right hemisphere were obtained by stimulating sequentially 3 different finger skin of left hand 
with 1.0 msec constant current pulses. The stimulus strength was adjusted three times as large as the sensory threshold 
for each subject. The time interval between two stimuli varied randomly between 1500 and 3000 msec. The subject 
was gazing at a visual target and counting the stimuli to a specific finger mentally according to three different task 
condition. In control condition each subject was asked to ignore the stimuli to any finger, and 600 stimuli were 
delivered to 3 different fingers (thumb, index, and little finger) at the same probability (33%). In counting condition, 
subject was instructed to count stimuli at thumb or index finger, and 15% of 600 stimuli (90 stimuli) were delivered to 
thumb or index and 42.5% of total stimuli were to thumb or index and little finger. 

SEFs were recorded with 3D magnetometer system (Shimadzu SBI-100) , which consisted of 43 sets of a 3D 
detection coil complex. Each coil complex included three elementary coils measuring the intensity of the magnetic 
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field passing through the coils. The effective diameter of the recording area was 210mm, which can cover half of the 
cerebral hemisphere. The position of magnetometers was set carefully to cover both primary and secondary 
somatosensory area at the right hemisphere. Each response by stimulating a specific finger was averaged individually 
on-line during the given condition. MEG signals were bandpass filtered between 1 and 100 Hz, digitized at 1 kHz. 
Analysis time was 500 msec (-100 to 400 ms). The exact location of the head with respect to the sensors was found by 
measuring the magnetic signals generated by passing current through four positioning coil positioned at anatomical 
landmarks. MR images of each subject was obtained with 0.5 T MRI system (Shimadzu Magnex-alpha). Three 
different experiments were performed sequentially as a session to avoid changing the head position in each task 
condition. 

Single or two dipole modelling was applied to identify SEF sources according to the pattern of isocontour map at 
the time from 20 to 200 msec after stimulation. We used MEG power to compare the difference of magnetic strength 
of each component. This numerical value was defined as a root mean square of magnetic strength obtained from all 
sensors. 

The statistic significance of results was validated by Student’s paired two tailed /-test. 

Results 

Fig. IB shows SEFs of Subject 2 to left-side thumb, index and little finger, respectively, in three different task 
conditions. The responses had three major components between 40 and 300 msec after stimulation independently of 
stimulated finger. The well known N20m deflections were extremely smaller than that evoked by median nerve 
stimulation.. Therefore, we excluded the assessment of amplitude of N20m component obtained in three different 
conditions. In the condition of counting thumb stimuli, deflections of thumb SEF around 50 msec seemed to be larger 
than that in condition of control and counting index, while deflections around 100 msec did not change. In the 
condition of counting index stimuli, both deflections of index SEF around 50 and 100 msec were larger than that in 
another conditions. In addition, these deflections of index SEF were smallest among three conditions. Two 
deflections of little finger SEF in the condition of counting thumb stimuli were also smallest among three condition. 
These changes of amplitudes in task conditions varied considerably from subject to subject. 



(A) (B) 

Fig. 1 (A): Stimulation paradigm and procedure of conditioned averaging method (see text in detail). 


(B): SEFs of subject 3 in the control condition (ignoring stimuli), the count thumb condition (counting 
stimuli delivered to thumb), and the count index condition (counting stimuli delivered to index). 

Fig. 2 (left) shows tangential components of SEFs in three task conditions. The responses recorded over the 
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primary somatosensory area (SI) had a clear peak at 45 msec after stimulation, while the responses over the secondary 
somatosensory area (S2) disappeared at 45 msec. The peak at 127 msec was observed in all three recording sites. 
Isomagnetic contour maps of these components implied that 45 msec component might be derived from single dipole, 
and 127 msec might be derived from two or more dipoles. Then, we estimated the source location of 127 msec ECD 
with two dipole modelling . One dipole was estimated at SI and the other dipole was at S2. 


51 

52 


Fig. 2 


Fig. 3 shows the changes of MEG powers of two main components in all task conditions. First prominent 
component of thumb SEFs (about 45 msec) in condition of counting thumb stimuli was stronger than that in control and 
counting index stimuli. Second prominent components on counting thumb stimuli were significantly stronger than that 
in control (p<0.05), and second responses of thumb SEFs on counting index stimuli were significantly smaller than that 
on counting thumb stimuli (p<0.01). MEG powers of two components of index SEFs on counting index stimuli were 
significantly stronger than that on counting thumb, there was no significant difference of MEG powers between control 
and counting thumb stimuli. These of little SEFs did not show any differences among three different condition. 

Discussion 

Finger SEFs had two major components with latencies of about 45 and 100 msec independently of any 
stimulated finger and task condition. The source location of 45 msec component was estimated in SI, and a longer 
latency component around 100 msec was in S2. These two components of finger SEF tended to be facilitated by 
counting the same finger, while they decreased on counting other finger stimulated. Our results suggest that 
concentrating attention on a specific stimuli can modulate SEF without adding any other sensory input. 


radial tangential radial tangential 



Left: tangential components of SEFs from Subject 2 which were obtained from 3D magnetometer. 

Upper waves were obtained from 3D sensor complex positioned near the primary somatosensory area (SI), 

lower waves were obtained in the secondary somatosensory area (S2), middle waves were obtained between 

SI and S2. Right: ECDs of 45 and 127 msec components superimposed on his MR images, 

single dipole modelling was applied to identify 45 msec component according to the 

pattern of isomagnetic contour map (upper inset in the right), and two dipole modelling 

was applied to 127 msec component. 


395 











thumb SEF 
at 40-70 ms 

IT 

bidex SEF 
at 40-70 ms 

rr 

little SEF 
at 40-70 ms 



90 

80 





-- 


70 

/ Ji 


50 

^ 



«0 



40 




SO 



30 

-- 

—— 


40 

S' 






JO 



20 




20 



10 




10 



0 


control count count 


cortrol count com* 


curtrol count court 

thumb lnd« 


thumb Index 


thumb Index 

thumb SEF 


Index SEF 


little SEF 

around 100 ms 

IT 

around 100 ms 

IT 

around 100 ms 

A 


120 



80 

70 

-- 



100 

•- 


40 

-- 

— «v — 


80 




Sc 






so 


_ 


(0 

^ 


40 

V ^ 

\ - 


40 



30 


dC 0.05 p<0.01 


20 



20 





' p<0.05 


10 


control count court 

0 

control count court 


control count court 

thumb Index 


thumb Index 


thumb index 


tubjectl 


nibjtcu 
mbJocO 
subjtctd 
mbjcctS 
iubjecl6 
— subjecl7 


Fig. 3. The MEG powers of two major components of thumb, index and little SEF in the 
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Introduction 

Parallel processing is the most efficient way to handle input in distributed sensory networks [1]. The anatomical 
connectivity of the somatosensory system would support the simultaneous participation of widely separated cortical 
areas in the early processing of sensory input. Interestingly, recent MEG recordings show functional evidence of very 
early (16-20 ms) neuronal responses to the median nerve stimulation in human cerebellum [2]. These results, together 
with those of the present study suggest that early, parallel activation of somatosensory networks may span widespread 
cerebral and cerebellar neuronal assemblies. 

However, the view of functional organization in somatosensory system which emerges from lesion studies in 
animals and from earlier MEG studies supports serial, hierarchical processing of somatic sensations. Removal of 
primary somatosensory cortex SI or even area 3a or 3b impairs further processing of tactile information [3]. In contrast, 
deactivation of SI in cats and prosimians does not have a clear effect on the responsiveness of SII to cutaneous stimuli 
[4] and recent investigations in marmosets utilizing reversible inactivations of SI [5] suggest that SI and SII receive 
independent input and thus may participate in parallel processing of somatosensory information. In MEG, equivalent 
sources in SI display a characteristic, well-known pattern of neuromagnetic responses at 20, 35 ms, 45 ms, and 60-80 
ms which clearly preceedes the 100-180 ms bilateral Sll response to regular stimuli [6, 7]. Early evoked responses 
(around 40-ms) have been observed very sparsely in human SII by intracranial recordings. In the existing two series of 
epileptic patients, small SII responses were observed in one out of 20 [8] and in one out of 25 studied subjects [9]. 

In general, activity in hippocampal structures is expected to follow primary cortical processing of sensory input 
containing novel or salient elements. In the somatosensory system, depth electrode recordings have shown 
hippocampal responses to somatosensory deviants and omissions at around 300 ms [10]. Prior to hippocampal 
processing, the association input from SI may have a significant role in defining the response properties of SII neurones 
to peripheral stimuli, and, subsequently, SII may contribute via corticolimbic pathways to tactile learning and memory 
[11]. Despite a multitude of observations advocating a crucial role for SII in somatosensory processing, the timing of 
early SII neuronal activity with respect to the other somatosensory areas has remained somewhat evasive in man and 
very little is known about somatosensory processing in human hippocampus. 

In this study, we used intermittent somatosensory stimulation to evaluate the timing of initial neuronal responses 
in cortical somatosensory areas and in hippocampal structures. Our specific focus was the activation elicited by 
omission of anticipated somatosensory stimuli. 


Methods 

We report results from six healthy volunteers (age 25-50 years). Unilateral median nerve stimulation was 
delivered through transcutaneous electrodes at the wrist (brief constant current pulses, rectangular shape, 0.3 ms 
duration) at interstimulus intervals of 0.5 s. Individual pulses in the train were randomly omitted (15%). The pulse 
amplitudes (4-6 mA) were individually adjusted to be completely painless but strong enough to cause a muscle twitch 
in the hand muscles innervated by the median nerve. Between 800-1500 pulses were delivered to each stimulated 
nerve. Responses to median nerve stimulation were recorded with a whole scalp MEG array[12]. Three small coils 
were located on the subject’s scalp prior to entering the room. A 3-D digitizer was used to record the locations of the 
coils with respect to anatomical landmarks on the skull. The position of the head with respect to the array was 
determined from measurements of the magnetic field patterns generated by test currents in these coils. This allowed the 
alignment of a coordinate system for the MEG data with features observed on magnetic resonance (MR) images for 
each subject (1-T Siemens MagnetomTM system with a MPR3D sequence). 

Data recorded by the array were bandpass filtered at 0.03-330 Hz and sampled at 1 kHz. Average evoked MEG 
responses were calculated on-line from all the trials during 600-ms epochs time-locked to the presentation of all 
stimuli. In a separate calculation, responses were averaged over 1100-ms epochs time-locked to an anticipated but 
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omitted stimuli. This epoch also included responses to the subsequent first stimulus after the omission. A vertical 
electro-oculogram was used to reject trials contaminated by eye movements and blinks (rejection limits ±150 p.V). 
Averaged evoked MEG responses for epochs containing all stimuli except those following immediately after an 
omitted stimulus were calculated subsequently off-line. 

Signal analysis was initiated by determining individual equivalent current dipole (ECD) locations and 
orientations for sources in SI, SII, and associated cortical areas (posterior parietal cortex; PPC) from a multi-dipole 
model with a least-squares fit to the predicted signals to the data. The baseline was the average of the sensor readings 
from 100 to 5 ms preceding anticipated stimuli. We used anatomical features of individual subject's hippocampus and 
mesial temporal lobe obtained from individual MR images to constrain source areas in hippocampal structures. Cranial 
volumes obtained from the same images were utilized in the construction of a realistic head model for each subject for 
the forward modelling of magnetic field patterns from test sources in hippocampus. 

In the standard ECD analysis of evoked responses in somatosensory cortex to repetitive stimulation, the 
generators are assumed to be well-localized and limited in number. In this study, the random omissions of individual 
stimuli elicited responses which appeared as more complex and widespread patterns of activity across the array. These 
complex omission responses were characterized directly as patterns of signals in the MEG array. Waveforms were 
determined simultaneously from the MEG data for both the ECD sources, the omission-related components, and 
hippocampal formation by signal-space projection (SSP) [13,14]. 

The noise level was characterized by recording data with the array for the same number of trials and sampling 
frequency/filter settings when the subject was not in the shielded room [14]. Only the repeatable evoked waveform 
features which had amplitudes exceeding the corresponding system noise by at least 2.5 SD were accepted for further 
analysis. The statistical significance of latency and source strength differences was tested by paired two-tailed /-test. 


Results 
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Fig. 1 (left) ECD locations in SI and in SII and evoked SSP waveforms to left median nerve stimulation in one 
subject Responses to standard stimuli are depicted by solid lines and responses to first stimuli after an omission by 
dashed lines. SII responses (right hemisphere) to contralateral stimulation in all subjects are shown on the right. 


Fig. 1 shows the locations and orientations for ECD sources in SI and SII (subject N5). The averaged SSP 
waveforms indicate time-locked neuronal population activity in contralateral SI and SII cortices to right median nerve 
stimulation. The activation of SI begins with brisk, prominent responses at about 20 ms after the stimulation. In 
general, SI waveforms display a characteristic, well-known pattern of neuromagnetic responses at 35 ms, 45 ms, 60-80 
ms, and around 100 ms. 
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Surprisingly, SII contralateral to stimulation also shows initial activity at around 20 ms after the stimulation. 
Since the SSP angles between SI and Sll differed from orthogonal (i.e. complete dissimilarity) by an average of 24 ± 
13 , disentanglement of their respective signals is highly likely in the present analysis. In contrast, activation of 
separate neuronal populations within SII would correspond to almost identical patterns of signals in the MEG array. 
Thus the SII waveforms shown here may contain contributions from slightly different locations and orientations of the 
underlying sources within SII at each latency. For example, the activation of SII at 100 ms which has been observed 
previously in response to repetitive stimulation [6, 7] has a counterpart in these data at approximately the same latency. 

Fig. 1 (right) shows SSP waveforms for contralateral SII sources for the right hemisphere in all subjects. The 
responses to the first stimuli following omissions and the responses to all the other stimuli are depicted separately. In 
contralateral SII, the 20-ms activity (peak 1) was detected in 7 out of 12 studied hemispheres (Subjects Nl, N2, N3, 
and N5) and the 40-ms activity (peak 2) in 9 out of 12 studied hemispheres. The first response of SII (average latency 
20.9 ± 2.9 ms) preceded the first response of SI (average latency 20.8 ±1.4 ms) in 4 hemispheres and emerged within 
4 ms in all subjects. The 100-ms responses were observed in all studied hemispheres. Preceding omissions did not 
have any significant effects on SI responses, whereas they clearly enhanced the 100-ms, but not earlier, responses in 
SII. The group-averaged difference area (shaded) to stimuli immediately after an omission was 7.1 ± 5.5 nAm, 
whereas the difference area to all the other stimuli was 2.1 ± 1.2 nAm (P < 0.01). 



Fig.2 (left) ECD locations and orientations and evoked SSP waveforms to left median nerve stimulation in 
contralateral (SIIc / HIc) and ipsilateral (Slli / Hli) SII / hippocampus. Responses to standard stimuli are depicted by 
solid lines and responses to first stimuli after an omission by dashed lines. 

In SII ipsilateral to stimulation, the responses were much smaller and not as readily observed from visual 
inspection as in contralateral SI and SII. However, ipsilateral SII responses could be.recognized at around 50 ms 
(average latency 53.6 ± 4.2 ms) in 8 out of 12 studied hemispheres ( cf Fig. 1, 2) and at 100 ms (average latency 106.4 
± 27.6 ms) in all studied hemispheres. Ipsilateral 50- and 100-ms SII activity peaked significantly later than the 
corresponding activity of contralateral SII (40.7 ± 4 ms and 83.8 ± 10.3 ms; P < 0.01). 

Hippocampal activity at around 100 ms (HI00) was evident in all studied hippocampi either in the anterior- 
posterior or coronal orientations of the current source. The average latency of HI00 in the coronal orientation which 
corresponds most closely to the orientation of the incoming and outgoing neuronal pathways between hippocampus and 
adjacent cortical areas was 124 ± 5.5 ms (N = 10) for responses contralateral and 138 ± 8.5 ms (N = 9) to ipsilateral 
stimulation (P < 0.05). Preceding omissions enhanced hippocampal responses similarly as in SII. The group-averaged 
magnitude of responses to stimuli immediately after an omission was 42.7 ±7.9 nAm, whereas the magnitude all the 
other stimuli was 19 ± 2.8 nAm (P < 0.01). Most interestingly, anticipatory neuronal population activity emerged in all 
studied hippocampal areas during a random omission of input and prior to the next overt stimulus (cf Fig.2). 
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Discussion 

The present study revealed early 20-60 ms neuronal population responses in human SII to intermittent 
somatosensory stimulation. The results demonstrate functional evidence of early, coincident activation of large 
neuronal assemblies in primary and secondary somatosensory cortical areas which are widely separated in the brain. 
Prominent, bilateral 120^-150 ms hippocampal responses follow the well-known 100-ms SU activity by 10-15 ms, with 
enhanced responses immediately after an omission of stimulus. Since the physiological behavior of the 100-ms SII 
responses and hippocampal responses is very similar with a consistent delay between the ipsi- and contralateral 
activity and identical refractoriness of responses, we suggest that the observed hippocampal activity may reflect 
somatosensory input transferred via the Sll-insula anatomical route to hippocampal structures. Whether the prominent 
anticipatory hippocampal activity reflects the categorization of an omission simply as a deviance in input, as a salient 
input requiring attentional resources, or as a violation of temporal model in timing networks requires further studies. 
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Introduction 

We have serendipitously discovered that a subcortical structure in the pons can generate a trigeminally evoked 
magnetic field (TEF) that is strong enough to be detectable even above the vertex in a juvenile swine preparation 
[6,8,11]. Its waveform consists of a spike followed by a slow wave of opposite polarity. The corresponding trigeminal 
evoked potential (TEP) can be measured all over the anterior portion of the brain with little change in amplitude and 
waveform, indicating that it is a far-field potential [8,11]. The spike reverses its polarity across the surface of the pons 
along the anterior-posterior direction, pointing to the pons as its generator site [8,11]. This signal is distinct from the 
TEPs previously seen in man and other species [1,2, 4, 5, 9-12] in that its latency (10-15 ms, depending on age of the 
animal) is fairly long as compared to the A-p fiber generated responses in the pons (4-6 ms), and the magnetic signal 
above the vertex and its electrical counterpart in the cortex or other anterior parts of the brain are quite large in 
amplitude. The novel feature of this signal has motivated us to determine its generator in more detail by carrying out 
extracellular unit recording in the region of the pons where we have seen the polarity reversal of the spike [8,11 ]. 

Methods 

The experiments were performed on 21 juvenile farm swine (Sus scrofa) 4-7 weeks in age, weighing 4.7 to 10.0 kg. 
For induction of anesthesia, ketamine hydrochloride (16mg/kg) and xylazine hydrochloride (4mg/kg) were injected 
intramuscularly. Surgical level was established with a mixture of ketamine (4mg/kg/hr) and xylazine (1 mg/kg/hr) 
given through a femoral vein and the pig was positioned on a head holder. Our novel lateral approach to the brainstem 
was carried out on 9 pigs. The classical dorsal approach was used on 12 animals to expose the dorsal surface of the 
brainstem. To expose the lateral surface of the brainstem, the skin and soft tissue were cut along the zygomatic arch and 
the masseter muscles, zygomatic arch and mandibular bone were cut away. The squamous part of the temporal bone 
including the auditory bulla was also chipped away and the petrous bone was removed. After resecting the atlanto-axial 
joint, dural incision was made up to the annulus part of the cervical spine with the aid of an operating microscope. In 
the case of the dorsal approach a midline incision was first carried out, followed by posterior fossa craniectomy and Cl 
laminectomy. Dehydration of the exposed tissue was minimized by intermittent application of warm saline over the 
brainstem. Some recordings were carried out after opening the dura and retracting or ablating the cerebellum. In other 
cases recording tungsten electrodes penetrated through intact dura and cerebellum. 

Units responding to electrical stimulation of the lateral nostril wall were searched in the region of the trigeminal 
nuclear complex. Appropriate stimulation site was determined in each pig by monitoring the far-field spike signal 
monitored on the pharyngeal wall and in the primary somatosensory cortex. Stimuli were delivered through a bipolar 
tungsten needle electrode (3-6 mA constant current pulses, 300p.sec in duration, 3 sec of ISI). 

The main sensory nucleus extends from the anterior pole to the posterior pole of trigeminal motor nucleus, whereas 
nucleus pars oralis extends from the anterior pole of facial motor nucleus to the posterior pole of the trigeminal motor 
nucleus. Before recording neuronal activity, the gross stereotactic orientation of the trigeminal spinal nucleus pars 
oralis were determined by the trigeminal root and facial nerve outlet as landmarks. Surface and depth field potentials 
were recorded with monopolar tungsten macroelectrode (tip diameter 100p.m) referenced to an Ag-AgCl plate electrode 
in the frontal bone. The obex was used as the coordinate origin in the case of the dorsal approach. Polyamide-coated 
tungsten microelectrodes with sharpened tip (impedance 0.8-3MQ at 1kHz) were used for extracellular unit recording 
of neural activity. The signals were pre-amplified, filtered with a bandpass 0.1Hz-4kHz and also with a bandpass of 
300Hz-4kHz. They were monitored on a storage oscilloscope and recorded digitally with a sampling rate of 8 kHz. 
Activity from both primary afferent axons and higher order neurons were recorded. The criteria used to distinguish 
primary axons from higher order neurons were the shape of the action potential [1]. Only stable well-isolated single 
neurons were studied. 
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At the conclusion of the experiment, the animals were deeply anesthetized with ketamine hydrochloride and 
perfused through the heart with saline followed by 10% formalin. The fixed tissues were cut into 25pm coronal 
sections, which were stained with Kliiver-Barrera method and the section was digitally stored every 0.5mm. The 
coordinates of electrode tracks in the brainstem were charted with the aid of atlas [13]. The recording loci were 
determined by comparing the coordinates of the micromanipulator used as the electrode carrier during the experiment 
to histologically determined coordinates of the electrode tracts. 

Result 

With the lateral approach a total of 1076 single cell neurons or primary afferent fibers were recorded along the 46 
electrode tracks. Each electrode was inserted into the pons from the left lateral surface around the facial nerve root 
toward the right side of the brainstem. On the basis of their latency, recorded time-locked neurons were classified into 3 
groups, early, exact and late. Each group was determined by comparing the time-locked unit activity to the spike¬ 
shaped negative response at the pharyngeal electrode. The “exact” neurons were those whose unit activity fell within 
the time window of the pharyngeal spike. Of the 1076 neurons, there were 465 time-locked units, 158 early time- 
locked, 138 exact and 169 late. The “exact” units co-synchronous with the spike were located in two regions. One 
region was on the side of the brainstem contralateral to the site of snout stimulation; the other was at almost same 
distance from midline on the ipsilateral side. Each region was not focal like a spot, but extended along the rostro- 
caudal direction. Fig. 1 shows examples of “exact” time-locked neurons recorded from three different locations along 
the rostro-caudal axis (2.5 mm anterior and 2 mm posterior to the obex). Note that the distance of the active area from 
the midline was approximately 2 mm for all three active areas. 
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Fig. 1. Extracellular 
unit activity in the 
brainstem time-locked 
to the TEP spike. Top: 
Simultaneously 
measured TEPs on the 
pharyngeal wall and 
single unit activity 
superimposed across 
10 epochs. Middle: 
Same records shown 
separately for each 
epoch at an expanded 
time scale. Bottom: 
Recording electrode 
tracks and location for 
each set of records. 
Right snout was 
stimulated. 


With the lateral approach it was difficult to determine the anatomical location of the electrode during the experiment 
without histological result. Thus, we used the classical dorsal approach to reach the pons. A total of 279 units were 
recorded along 60 tracks perpendicular to the dorsal surface of pons. Of these 171 were modulated by snout 
stimulation. The far-field spike on the pharyngeal wall was measured simultaneously with the units in order to look for 
those “exact” units which fired during the spike duration. Only the side of the brainstem contralateral to snout 
stimulation was examined. As in the lateral approach, many time-locked units were observed in certain regions. There 
were 71 early time-locked neurons, 41 exact units and 59 late units. Almost all the exact time-locked units were found 
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in a region 2-3 mm lateral to the midline (Fig.2). 
The positions where the units were recorded 
extended over at least 8mm in length along the 
rostro-caudal axis. Their positions seemed more 
ventral in the caudal part and more dorsal and 
lateral in rostral regions. According to the brain 
atlas, this region of activity is medial to the 
subnuclei oralis and caudalis of the trigeminal 
spinal nucleus [13]. 

Discussion 

Electrical stimulation of the snout in porcine 
preparation evoked activity throughout the 
trigeminal brainstem nuclear complex. TEPs 
following electrical stimulation of the trigeminal 
nerve has been studied both in human [2] and in 
some species [9,10,12]. Though most of these 
were based on the observation of cerebral 
cortical responses, some authors have reported 
TEPs generated in the brainstem in in vivo 
animal studies [4,5,7]. A tooth pulp-evoked 
potential study in cat identified three different 
components in each trigeminal nucleus [5]. 
They concluded that the first component (Pl- 
Nl) corresponded to the presynaptic responses 
evoked by the primary afferents in each nucleus 
and the second one (P2-N2) to a postsynaptic 
component. Both were transmitted by A-p fibers. 
The third, long latency component (P3-N3) was 
considered to be a postsynaptic response elicited 
by A-8 inputs. We have observed TEP 
waveforms that are similar to the well 
established waveforms in cats with components 
that may be identified with these three 
components when the field potential 
measurements were made within the side of the 
brainstem ipsilateral to the stimulation. In 
comparison to these components, the spike 
analysed in this report was quite different in 
spatial distribution of the isopotential map in 
that the potential map was oriented along the 
rostro-caudal direction with positivity on the 
anterior side and negativity on the caudal side 
[8]. To our knowledge there is no description in 
the literature of a component in other species 
homologous to the spike reported in our 
companion report [8] and here. 

The result of our single unit study indicated 
that the units responding to the snout stimulation 
were distributed widely on both sides within a 
region 2-3 mm from the midline, spread 
extensively along the rostro-caudal axis. Our 
evidence suggests that the spike probably 
originates from extra-lemniscal axons located in 
an elongated region of the brainstem including the trigeminal nuclear complex and reticular formation. The ascending 
secondary trigeminal tracts that cross the midline at various level in the lower brainstem may sum to produce an 
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Fig. 2. Extracellular units time locked to the pharyngeal TEP 
spike recorded at locations shown in the inset. For each set of 
records top line indicates pharyngeal TEP (10 epochs/ave) and 
next 4 lines single epochs of unit recording. Right nostril 
stimulation. Rostrocaudal position of each coronal section is 
indicated relative to the obex. 
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equivalent current dipole with a large moment. The axons that turn perpendicularly toward the rostral direction after 

decussation may be responsible for the dipolar TEF and TEP described in our previous reports [6,8]. It is possible that a 

similar response may be observed in humans by choosing the stimulation parameters similar to those used in our study. 

If so, our finding could have some clinical value in evaluating the trigeminal brainstem status. 
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Introduction 

Somatosensory evoked fields (SEF) and somatosensory evoked potentials (SEP) are changed by experimental 
conditions which manipulate attention. One aspect is the effect of movements on the components of the SEFs. Gating in 
this case is reduction of amplitude, observed, if the stimulation site is close to the moving body part. The interaction of 
somatosensory stimulation and movements usually decrease SEF amplitudes for certain components [2, 7, 8, 10, 13]. In 
contrast selective attention results in an increase of the PI or N100 components. 

In most studies dealing with gating of simple movements such as tapping are combined with somatosensory 
stimulation. Such automatic movements have been found to elicit only unilateral cortical activation in. the contralateral 
hemisphere (e.g.; [3,14]). In contrast, there is converging evidence from both electroencephalographic and positron 
emission tomography studies to suggest that more demanding tasks such as finger sequencing tasks are accompanied by 
bilateral cortical activation. Complex sequential tasks led to reduced alpha synchronization and increased metabolic 
rates in the motor cortex ipsilateral to the moving body part in addition to the contralateral activation seen with simple 
repetitive tasks [3,11,12]. 

The present study was carried out to investigate the effects of automatic and complex motor activity combined 
with different attentional demands on SEFs to tactile stimulation contralateral to the movement. As a simple task a finger 
thumb apposition was assumed to produce only ipsilateral activation, therefore no contralateral modulation of attentional 
components of the SEF are expected. The complex movement performing a finger sequence should produce bilateral 
activation and we expected a contralateral effect on the SEFs. Conscious perception of stimulus intensity should be 
intimately tied to the SEF amplitudes [6]. Enhanced N100 amplitude in the EEG is related with an increase of subjective 
intensity and improved stimulus processing. The functional role of very early primary exogenous components of 
stimulus evoked brain potentials is less clear. While some [4] report attentional modulation of very early (30 - 40ms 
latencies) electrocortical responses to somatosensory stimuli with increased amplitudes during increased selective 
attention others [9] could not found any covariation with psychological manipulations. The factor responsible for 
amplitude modulations of the early evoked response components seems to be the physical intensity of the stimulus [5]. 
In our report we concentrate on the interpretation of the results from the perspective of interhemisperic gating. 

Methods 

Twelve right-handed subjects were tested in a magnetic shielded room (Vakuum-Schmelze Hanau, Germany). 
Magnetoencephalogram (MEG) was recorded with a whole head system (CTF Inc., Vancouver, Canada) comprising 143 
hardware first order magnetic gradiometers (5cm baseline) located with an average distance of 2.5 cm between the 
sensors. The subject's head position was determined with localization coils fixed at the nasion and periarticular points 
both at the beginning and end of each experimental condition. Recordings with head movements exceeding 0.5cm were 
discarded. Stimuli were delivered to the right thumb with a pneumatic stimulator containing a membrane that moves 
with air pressure changes (stimulus duration: 50 ms). 89% of the stimuli were presented at randomized inter stimulus 
intervals varying between 400 and 500ms, and the remaining 11 % were presented at randomized inter stimulus intervals 
between 1450 and 1500ms in order to avoid rapid habituation. A total number of 400 pneumatic stimuli were presented 
during three recording conditions: 1) reaction task (simple movement): subjects were instructed to respond as fast as 
possible to each stimulus by touching the thumb with the index finger of the left hand, 2) finger sequencing task 
(complex movement): while instructed to ignore the stimuli, subjects had to sequentially touch the left thumb twice with 
each finger of the left hand starting with the index finger and ending with the little finger and back, and 3) baseline 
condition: subjects were asked not to react on the stimuli and perform no movement. After the experiment subjects rated 
the subjective intensity of the pneumatic stimuli and task difficulty during both tasks on two scales from 0 (no sensation, 
very easy) to 10 (very clear sensation, very difficult). 

MEG data were collected at a sampling rate of 312.5 Hz and were filtered between 1 and 40 Hz. A threshold 
detection (height: 1.5 pT) was performed on each epoch (length: 450 ms including 50 ms pre-triggertime) to exclude 
eye blinks and other artifacts. After visual inspection of the SEFs, global field power (GFP) was calculated for two 
windows: 1) an early component at 30 -50 ms post stimulus (“40m”), and 2) a late component at 130 - 170 ms post 
stimulus (“150m”) which was observed mainly in baseline and reaction conditions. SEFs for each task are shown in Fig. 
1. 
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Results 

The GFP for the three conditions and the two components showed an overall interaction effect (F(2,22)=9.7, 
pcO.OOl) (see Table 1). For the evaluation of this interaction simple t-test were calculated for the single components and 
tasks. Considering the early SEF at 40 ms component first, GFP was greater during the complex movement than the 
simple movement (t(l l)=2.28,p<0.05). However GFP during the complex movement did not differ significantly from 
the baseline, and there was no significant difference between GFP during simple movement and baseline. GFP at 130 - 
170 ms was significantly decreased during the complex movement compared with both baseline and simple movement 
(t(ll)=3.12, p<0.01 and t(ll)=4.28, p<0.001, respectively). In keeping with the expectations, the tactile stimuli were 
rated as significantly less intense during complex than simple movement (t(ll)=3.55, p<0.005) and the difficulty was 
rated lower for the complex movement (t(l 1)=10.1, p<0.009) than for the simple movement. 



simple 



Fig. 1. Field distribution for the two investigated components of the SEF for all three conditions shown as 
contour plots (left 40m, right 150m) and time course of the overlaid MEG channels beneath. All pictures are 
scaled between -200 fT and 200 fT. 
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Table 1: Mean and standard deviation (sd) in fT of the global field power for the two investigated MEG components 
(40m and 150 m) 



40m 

150m 


mean 

sd 

mean 

sd 

base 

146 

13 

115 

12 

simple 

141 

7 

139 

22 

complex 

175 

17 

78 

10 


Discussion 

The main finding of this study was a differential effect of the complex motor task depending on SEF latency: 
whereas the early 40 ms component was increased compared during the simple movement, the opposite was true for the 
later 150 ms component. These results indicate a separation of an early non-conscious automatic attentional and a late 
controlled conscious attentional mechanism. Such a differentiation has already been postulated already by James [for a 
discussion see 5]. 

Regarding the possible mechanism we would suggest the following model, which is based on theoretical 
considerations from neuronal network theory [1]. In [1] we showed that uncorrelated background activity in a neural 
network increases the firing probability of a single neuron due to a subthreshold activation. With regard to our study, 
the complex movement results in a preactivation of areas ipsilateral to the moving fingers. This preactivation could lead 
to a increased neuronal firing level for an incoming stimuli. The increase of the early component would constitute a 
simple physical consequence of background activation, which must be counterbalanced because subjects were 
instructed to ignore the stimuli. Therefore, inhibitory processes enter the processing stream, which results in a 
diminution of the later components. 

Another possible mechanism is based on the following consideration: Voluntary attentional resource allocation 
critically depends on exhaustive pre-attentive evaluation of the stimulus characteristics such as stimulus intensity and 
probably motivational significance. Simultaneous processing of the more complex but not necessarily more demanding 
task (perceived difficulty was significantly lower for the complex movement) activates larger neuronal networks 
because more somatomotor regions have to be activated to plan and execute the movements. Therefore processing 
resources are removed from somatosensory areas and the late endogenous component of the SEF is reduced. In 
contrast, it may be speculated that early improved evaluation of stimulus characteristics as reflected in the increased 
40m response is a necessary prerequesite for late “voluntary” conscious inhibition of processing, as reflected both by 
reduced field components > 100ms post stimulus and subjective intensity ratings. Thus, “distraction” cannot solely be 
described by a reduction of cortical excitability reflected in decreased ERP or SEF amplitudes to unattended stimuli 
alone. Instead, an increase in cortical activity may be a necessary prerequisite before the resources for inhibitory 
modulation are available. 
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Introduction 

Pioneering work by Vogt & Vogt [9], Foerster [3] and Penfield [7] using electrical stimulation of the brain led 
to the description of the motor homunculus as a somatotopic motor output map of the precentral gyrus (Brodmann area 
4). While those data were obtained invasively, noninvasive and thus non interfering confirmation of this motor output 
map has been provided recently by use of an oligochannel biomagnetometer [2], by use of positron emission 
tomography [4] and by functional magnetic resonance imaging [5]. This is true despite evidence that functional 
neuronal networks responsible for distinct movements may be widely distributed over the primary motor cortex and 
may overlap each other [8]. Due to low temporal resolution the sequential course of activation of primary motor and 
primary sensory cortex cannot be resolved with PET or FMRI. In contrast, magnetoencephalography (MEG) is able to 
separately localize both cortical areas whose activation peaks lie only 100 ms apart with the classical 
Bereitschaftspotential paradigm. Whereas sensory homunculus mapping allows well controlled experimental setups 
and thus relatively stable experimental conditions, motor mapping depends on subjects motor output and thus is prone 
to considerable variability concerning the investigated stimulus itself. Similar movements may differ concerning 
number of muscles involved, number of joints involved, muscle force employed, speed of movement, trajectory of 
movement, premovement preparation and many other aspects. Therefore it is not surprising that - although large scale 
motor somatotopy could be reliably demonstrated - fine scale somatotopic organization still is open for debate. E.g. 
Cheyne et al. [2] found a reversed order of fingers II and V. Kleinschmidt et al. [5] found no somatotopy when using 
an electrophysiologically comparable paradigm, namely contrasting movement with rest. Grafton et al. [4] only 
compared fingers I and II using no more than 2 subjects. The goal of the present study therefore was to reinvestigate 
fine scale motor somatotopy of humans by use of improved MEG hardware and improved experimental technology. 


Methods 

Paradigm 

Subjects had to perform a self initiated brisk flexion of a finger of the right hand every 3-4 sec. Between 150- 
240 movements had to be performed per finger. Movements were arranged in blocks of 30-50 movements per finger. 
Experiment 1: All 5 fingers were investigated. 

Experiment 2: Finger 1-3-5 were investigated. 

Experiment 3: Finger 2-3-4 were investigated. 

With experiment 2 and 3 methodological improvements were introduced as follows: By using a home made splint and 
taping procedures, movements were restricted to the metacarpophalangeal joint. Movement space was standardized 
and restricted to about 1 cm. Movement amplitude was minimized to avoid co-movements of other fingers. 

Subjects 

8 measurements with 8 subjects were performed with experiment 1. 7 measurements with 4 subjects were 
performed with experiment 2. 3 measurements with 2 subjects were performed with experiment 3. 

System 

A CTF whole scalp MEG system - with 143 channels, a coil diameter of 2 cm, between sensor separation of 
about 3.2 cm, axial hardware gradiometers of first order with a baseline of 5 cm and software gradiometers up to 3rd 
order - was used. 

Data acquisition 

Trial length for recording a single movement was 2.5 sec, pretrigger length was 1.5 sec, sample rate was 
125/sec. Low pass filtering of 40 Hz and high pass filtering of 0.25 Hz was used during recording. EMG triggering 
was used for start of recording. Head movements were checked before and after the experiment setting the movement 
tolerance to 0.3 cm. Subjects heads were wrapped to achieve fixation within the dewar. To setup a head reference 
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system, two preauricular points (their connection forming the preauricular line) and a nasion point (the normal to the 
preauricular line forming the nasion line) were defined. The crossing of the preauricular and the nasion line was 
defined as the head center. 

Data analysis 

Data were visually checked for artifacts and artifact containing trials were excluded. About 130-200 artifact 
free trials were averaged per finger. To get rid of distracting high and low frequency components, additional high and 
low pass filters were used to work out the contralateral motor field component between -100 to +30 ms from EMG 
trigger onset. After optimizing filter settings (usually applying a high pass of 1-2 Hz and a low pass of 7-8 Hz), a 
single dipole model was used to localize the contralateral motor field. In case a clear ipsilateral motor field component 
was left after filtering, a dual dipole model was used to fit both components. Dipole positions were calculated relative 
to the head center as defined above. 


Results 

With the approach described above, it was possible to achieve a goodness of fit of > 90% with most of the 
dipole localizations. With experiment 1 no clear tendency for relative finger positions was found with all 
measurements. Applying the methodological improvements as stated above, the expected homuncular organization of 
fingers 1-3-5 was found in all experiments within the cranio-caudal axis. With fingers 2-3-4 only 1 out of 3 
experiments localized as expected. No clear tendencies were found within the medio-lateral axis and within the 
anterior-posterior axis. Detailed results are given in the following. The dipole coordinates of the dipole fitted to the left 
central motor field component are given relative to the head center as defined above. 


Table 1: Results for finger 1-3-5: values are given in mm. 


Subject 

Experi 

ment 

Finger 

anterior dipole 

displacement relative to 
head center 

left sided dipole 

displacement relative to 
head center 

superior dipole 

displacement relative to 
head center 

1 

1 

1 

1.6 

37.3 

83 



3 

3.9 

34.4 

86.8 



5 

-6.9 

37.5 

90 

1 

2 

1 

7.6 

22.7 

96.6 



3 

10 

35.8 

103.1 



5 

15 

33.3 

104.1 

1 

3 

1 

16 

49.3 

92.8 



3 

14.4 

31.9 

94.3 



5 

8.2 

31.2 

97.7 

2 

1 

1 

-5.9 

41.4 

84.5 



3 

-11.6 

36.8 

87.3 



5 

-16.4 

39.8 

92.1 

2 

2 

1 

-5.6 

85.8 

85.8 



3 

-7.9 

87.7 

87.7 



5 

-7.4 

90.9 

90.9 

3 

1 

1 

-4.4 

36.8 

93.6 



3 

-6.6 

36.1 

95.9 



5 

-7.2 

37.8 

96.3 

4 

1 

1 

-5.7 

39.1 

86.4 



3 

-6.1 

36 

89.4 



5 

-8.6 

31.8 

91.4 


Concerning the dipole localizations for fingers 1-3-5 within the cranio-caudal axis, the mean distances were: finger 3 
= 3.1 mm superior to finger 1, finger 5 = 5.7 mm superior to finger 1. 
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Table 2: Results for finger 2-3-4: values are given in mm. 


Subject 

Experi 

ment 

Finger 

anterior dipole 

displacement relative to 
head center 

left sided dipole 

displacement relative to 
head center 

superior dipole 

displacement relative to 
head center 

1 

1 

2 

18 

34 

95.2 



3 

16.2 

35.1 

101.9 



4 

19 

28.8 

99 

1 

2 

2 

6.8 

35.9 

104.2 



3 

11.5 

38 

102.2 



4 

4.4 

32.8 

99.9 

2 

1 

2 

-10.2 

38.3 

81.9 



3 

-19 

37.5 

85 



4 

-10.4 

37 

88.3 


Analysis of the absolute localizations of finger 3, measured 5 times with subject 1, showed the following variability: 
anterior dipole displacement = 3.9 - 16.2 mm, left sided dipole displacement = 31.9 - 38 mm, superior dipole 
displacement = 86- 103.1 mm. 


Discussion: 

As could be demonstrated, careful control of movement parameters allows noninvasive detection of motor 
finger somatotopy with MEG. With our data, consistent relative localizations for fingers 1-3-5 were found concerning 
the cranio-caudal axis. This was true despite large absolute variations between different measurements with the same 
subjects. Possible influences responsible for the variability in absolute localization include amount of data noise due to 
interfering external magnetic fields, head localization errors* head movements during measurements, physiological 
noise (drifts, excitability, vigilance) and dipole model used. The reason, why no consistent results were found for the 
medio-lateral and the anterior-posterior head axes probably is variability of individual gyral patterns. Therefore 
overlay of dipole localizations on anatomical MR images and repetitive measurements are needed to judge the validity 
of the results concerning those axes. Concerning the cranio-caudal ordering however, although movement dependent 
neuronal network activations probably cover large areas and finger representations may overlap [8], centers of 
activation obviously follow a homuncular organization even on a fine scale range. These motor findings correspond to 
a larger body of evidence for somatosensory finger stimulation [e.g. 1, 6]. 
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Introduction 

MEG measurement is a useful non-invasive measurement method that has made it possible to map activity 
sources at their peak latencies with high spatio-temporal resolution and which has been used in human brain research. 
Because MEG measurement has high sensitivity only for the tangential components of neuron activities in the brain, the 
sources in the primary sensorimotor cortex have been investigated for movement-related brain activities [1,2,3]. 
However, despite the many MEG studies related to movement execution, not much is known about temporal features in 
the human sensorimotor cortex. Although a few studies to extrapolate the time course of activity have been done in self- 
paced movements [4,5,6], few estimations of activity have been done for a signal-triggered movement [7,8]. Only one 
report of a simple reaction time task with an LED visual stimulus has shown that motor activity synchronized with the 
stimulus onset was observed [8]. In EEG recording, the lateralized readiness potential in S-R compatibility experiments 
has also predicted the automatic activation in the motor cortex [9] but could not show the motor activity directly. The 
purpose of the present investigation is to elucidate the temporal features of the activities in the primary motor cortex. 
This study focuses on the brain activity related to the movement execution (the motor activity contralateral to the 
movement side) and reports how the time course of the motor activity changes depending on the movement onset 
conditions. In this study, a visual stimulus was used as an external instruction to extract the motor activity synchronized 
not only with the movement onset (EMG onset) but also with the movement initiation (stimulus onset). 

Methods 

Experimental procedure 

The experiments were carried out on 6 right-handed normal subjects (male, aged 24-34). Informed consent was 
obtained from all the subjects. Each subject was asked to move the index finger briskly in the abductional direction 
under the following three conditions: 

(1) Visually triggered movement with an LED Go-stimulus (VTM task): The subject starts at the lighting of the green 
LED Go-stimulus. 

(2) Go/NoGo task with the LED stimuli (different color, same position): A Go- (green) or a NoGo-stimulus (red) is 
presented at the fixation point. 

(3) Go/NoGo task with the LED stimuli (different position, same color): A Go- (fixation point) or a NoGo-stimulus 
(right visual field) is presented at a horizontally different position. 

The subject was asked to react to the Go-stimulus as quickly as possible. The stimulus interval was around 6+/-1 s and 
the probability of the Go- or NoGo-stimulus was 50%. Right and left index finger movements in the VTM task and 
right index finger movement in the Go/NoGo tasks were performed respectively. A hundred movements, that is, one 
hundred trials in the VTM task and two hundred trials in the Go/NoGo tasks were carried out in each experimental 
condition. Repeatability was checked on different days. The brain magnetic fields were recorded using a 64-channel 
whole-cortex MEG system (CTF Systems Inc., Canada). Data were acquired at a rate of 250 samples/s with a 40 Hz 
low-pass filter. EMG from the first dorsal interosseous muscle was also recorded simultaneously. 

Data analysis 

Averaging of MEG data, after elimination of artifact-contaminated trials, was done off-line with respect to the 
movement or stimulus onset. The onset of the rectified EMG burst was used as a trigger to synchronize the movement 
onset averaging (MOA). The data were also averaged with respect to the LED onset (stimulus onset averaging, SOA). 
An equivalent current dipole was assumed as an activity model with the head modeled as a spherical volume conductor. 
In order to estimate the time course of the brain activity, we hypothesized that the locational change of the activity area 
was small enough to allow evaluation of the temporal features of the activity during the analysis period. The dipole was 
assumed to be fixed at the most probable position during the analysis period. In this study, the locations of two motor 
dipoles were given from a self-paced movement and fixed in both the primary motor cortices. Visual dipoles, used not 
to explain the brain activity in the visual cortex but only to undertake the explanation of the waveforms, were given 
from a simple LED visual stimulus experiment and were fixed in the occipital area. 
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Results 

Measured magnetic fields 

Figure 1 shows measured magnetic 
fields of the right finger VTM task and both 
the Go/NoGo tasks in subject A who reacted 
fastest among the subjects. Waveforms of 
twenty sensors covering the left sensorimotor 
area are superimposed and isocontour maps at 
peak latency are also drawn. Thick arrows 
indicate the movement onset latency. In the 
Go-stimulus case of the Go/NoGo tasks, 
though the reaction time became longer, the 
shape of the waveforms and the pattern of the 
isocontour map at the peak latency did not 
change compared with the VTM task. In the 
NoGo-stimulus case, the activity over the left 
sensorimotor area was observed at the same 
latency as in the Go-stimulus case. Its 
isocontour map above the left sensorimotor 
area was also the same as in the Go-stimulus 
case except for the NoGo-stimulus case in the 
position condition where the NoGo-stimulus 
was presented away from the fixation point. 
Similar results were obtained in other subjects. 

Estimated motor activities 

Time course estimation of the motor 
and visual activities was done with the fixed 
dipoles. All estimation results of the 
contralateral motor activity in three subjects 
are shown in Fig.2. The results of three 
subjects who reacted with the fastest, middle 
and slowest reaction times are shown. In the 
graphs, each line corresponds to the result 
from each stimulus condition respectively. 
Gray thick lines are in the NoGo-stimulus case 
of the Go/NoGo tasks. The left graphs are the 
results in SOA and the right graphs are in 
MOA. Each thick arrow in SOA points the 
movement onset latency. The reaction times 
for three subjects are shown in the bottom bar 
graph. In Fig.2(a) where the subject reacted 
fastest, the onset and the peak latencies were 
gathered respectively in SOA (two gray zones: 
the dark gray zone shows the onset latencies 


Fig.l Measured magnetic fields of 
right finger movement in the VTM task 
and both the Go/NoGo tasks in subject 
A. SOA results are shown. Waveforms 
of 20 sensors above the left sensorimotor 
area and isocontour maps at peak latency 
are shown. In the maps, shaded areas 
illustrate the intake of magnetic flux into 
the head. Thick arrows indicate the 
movement onset latency. Averaged 
reaction time is 167+/-22 ms (VTM 
task): 241+/-56 ms (color condition): 
195+/-43 ms (position condition). 
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Fig.2 Estimated motor activities contralateral to the movement side. Three subjects who showed 
characteristic changes of the motor activity are shown. The left graph shows the activities estimated from 
SOA and the right one is from MOA. Each line corresponds to the result from each stimulus conditions 
respectively. The estimation of the motor activity in the Go-stimulus case was done from the stimulus 
onset to 40 ms after the movement onset indicated by the end of each line in SOA. Thick arrows indicate 
the movement onset latency of each condition. Gray thick line indicates the NoGo-stimulus case where 
the estimation was done for 200 ms after the stimulus onset. The averaged reaction times in each 
condition are indicated in the bottom bar graph where the subjects are lined up in order of the averaged 
reaction time of the VTM task. In SOA, the first dark gray zone shows the onset latencies of the motor 
activity and subsequent light gray zones indicate the time window of the activity peaks. 
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and the light gray zone contains the peak latencies), (b) the onset latencies were the same but the peak latencies were 
variable, and in (c) where the subject reacted slowest, a synchronizing initial small activity and a subsequent lasting 
activity were observed. Other subjects except subject D who did not show clear motor activity were categorized into 
these three patterns: subject B showed a similar change of motor activity illustrated in Fig.2(b), and the estimated motor 
activity in subject E, who had a longer reaction time, showed a similar activity pattern categorized into Fig.2(c). From 
the left graphs, it was found that the onset of the motor activity synchronized with the stimulus onset despite the 
variation of the reaction time (positions of thick arrows). In addition, in the NoGo-stimulus case of the Go/NoGo tasks 
(gray thick lines), a similar change of motor activity was observed as expected from Fig.l. On the other hand, the right 
graph shows the same motor activity estimated from the MOA data. The motor activity reached its peak around the 
movement onset but no synchronization was observed for the onset latency. 

Discussion 

The results of the estimated time course of the contralateral motor activity in SOA clearly showed these two 
points: 1) the motor activity started at a constant delay time from the stimulus onset in any of the reaction 
times/stimulus conditions, 2) the peak of the motor activity varied more in the subject who had the longer reaction time. 
The delay time varied a little among the subjects but did not change within a subject. On the other hand, in MOA, it is 
obvious that there is an activity that synchronizes with the movement execution and reaches its peak around the 
movement onset. From these findings and the observation of three activity patterns in Fig.2, the activation pattern of the 
primary motor cortex is conjectured to be as follows: the motor activity consists of two dominant components with 
different amplitudes and delay times: the 1st component happens to correlate with the stimulus and the 2nd one with the 
movement. The 1st component may act to make the motor cortex prepare for the forthcoming movement onset 
regardless of the stimulus instruction, and the 2nd component to execute the movement. In the case of faster reaction, 
the movement starts during the 1st component and the evident 2nd component may not be necessary. The longer the 
reaction time becomes, the more important the 2nd component is. Then in the case of slower reaction, the 2nd 
component becomes evident. Since the occurrence of the 2nd component varies in time (variation of the reaction time), 
the peak of the 2nd phase in SOA may appear to vary or to last. The 1st component is elicited automatically in the early 
stage of visual processing without passing through cognitive processes because it is observed in the NoGo-stimulus 
case. This indicates that there is a direct informational connection without cognitive processes from visual stimulus 
processing to the activation of the motor cortex. 
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Introduction 

Neuromagnetic field changes immediately following the onset of voluntary movements in humans, termed 
movement-evoked fields or MEFs, have been proposed to reflect sensory feedback to cortex from the periphery [ 1 -4]. 
Fig 1A shows a typical movement related field for a voluntary extension of the right index showing a number of rapidly 
changing magnetic fields following movement onset. Fig. IB shows the topography of the earliest of these fields, the 
movement-evoked field I (MEFI) occurring 90 to 120 ms following onset of electromyographic activity, thus coinciding 
with observed single cell activity in primary sensory cortex during voluntary movements in monkeys [5-71 and humans 
[8]. As shown in Fig. 1C an equivalent current dipole fitted to this dipolar field pattern localizes to the postcentral 
gyrus near the hand representation area of the primary somatosensory cortex. Such sources have also been shown to 
follow a somatotopic organization for movements of different parts of the body [3] suggesting that this component 
reflects activation of neuronal populations in SI. The exact role of peripheral feedback in the generation of the MEFI is 
not clear, although such feedback may involve both afferent input from muscle spindle receptors monitoring changes in 
muscle length in the involved agonist or antagonist muscle groups as well as sensory organs in joints and tendons, and 
even skin receptors due to mechanical stretching of overlying skin [9]. A recent study demonstrated that elimination of 
cutaneous inputs by anesthetic nerve block did not eliminate MEFI [4] suggesting that muscle or joint afferents are 
involved in the generation of these responses. In order to examine the role of sensory input in the generation of early 
movement-evoked fields, a recent study [10] examined MEG responses accompanying the performance of simple finger 
movements before and during cooling of the subject’s arm based on a method described by Matthews [11] in order to 
slow conduction velocity in the peripheral nerves, with the hypothesis that MEFI latency should be delayed during 
cooling if generated by sensory feedback from the hand. 

Methods 

Measurements were carried out on two subjects using a 64 channel MEG system (CTF Systems, Inc) located in a 
magnetically shielded room. The experimental setup is shown in Fig. 2A. The subject’s lower arm was cooled in a 
cold-water bath over a 1 to 2 hour period during which the subject performed self-paced abductions of the right 5th digit 
at various intervals. The effects of cooling on peripheral conduction time was confirmed using early somatosensory 
evoked field (SEF) responses produced by electrical stimulation of the same. The motor task and SEF recordings were 
repeated after the arm had been re-warmed to normal temperature. 
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Fig 1. (A) Averaged MEG waveform 
accompanying a voluntary extension of the 
right index finger, RF = readiness field, 
MEF = movement-evoked field (I-1II). (B) 
Isocontour field map (vertex projection, 
nose upwards) of the MEFI at a latency of 
30 ms following movement onset. Thin 
contours = outgoing Fields, thick contours = 
ingoing fields. (C) Location of equivalent 
current dipole (ECD) fitted to the peak of 
the MEFI, superimposed on an axial 
magnetic resonance image for the same 
subject. White filled circle indicates dipole 
location, with line showing direction of 
current flow. 
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Fig. 2. (A) Experimental setup showing 
the method of cooling the subject’s right 
arm during movements and somato¬ 
sensory stimulation. (B) SEF to 
electrical stimulation of the right 5th 
digit before (control) and during cooling 
of the lower right arm (arm cooled) 
recorded over the left hemisphere. (C) 
MEF responses recorded over the left 
hemisphere to abductions of the same 
digit under the same conditions. Upward 
deflections indicate outgoing magnetic 
fields. Modified from [10]. 


Results 

Figure 2B and 2C shows the results from one subject. Early somatosensory evoked field (SEF) responses 
produced by electrical stimulation indicated that peripheral nerve conduction times were delayed by the cooling procedure 
by approximately 7 ms (Fig. 2B). This delay was typically evident after about 40 min. of cooling and did not increase 
with further cooling. MEG responses to movements performed under the same conditions (Fig. 2C) showed a marked 
shift in peak MEFI latency during the cooling condition although onset and rise time of the pre-movement readiness 
field remained unchanged. The rise time and duration of the MEFI was also delayed indicating a possible effect of 
muscle cooling on the duration of the movement and concomitant reafferent feedback. The observed latency changes 
were found to return to the previous values after re-warming of the arm. This observed increase in MEFI latency as a 
result of delaying peripheral conduction time was interpreted as strong evidence for a peripheral contribution to these 
movement-related brain responses. 


Discussion 

The main cortical area involved in the movement-evoked field response is most likely Brodmann’s area 3a in the 
floor of the central sulcus which is known to receive muscle afferent input from the periphery [12] and is known to be 
activated prior to and during voluntary movements [6,7,13]. As shown, cooling of the peripheral nerves in the arm 
during voluntary movements results in delays in MEFI latency which recover upon re-warming of the arm. This 
provides further evidence that early movement-evoked field responses arise from activity in the periphery related to the 
movement itself. These findings taken together with the recent evidence of Kristeva-Feige et al. [4] that MEFI 
responses are not abolished during anesthetic block of cutaneous input suggests that the MEFI may be the result of 
activation of muscle receptors (muscle spindle receptors or Golgi tendon organs) sensitive to changes in muscle length 
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or tension. Thus the excitation of cutaneous and joint afferents during movement [9,131 may also contribute in the 
generation of the MEFI response, and may account for its rather long duration. This is also supported by the 
observation that transient deafferentation produced an slight increase in MEFI amplitude [4] suggesting that during 
normal movements tactile inputs to SI may interact with other neural generators of the MEFI such that in the absence 
of this input the MEFI response is increased. Although these studies have investigated primarily proprioceptive 
feedback during active movements, a recent EEG study [14] reported responses at similar latencies following passive 
Finger stretching. These responses were found to persist after ischemic anesthetic block of cutaneous afferents from the 
hand, but were abolished after ischemic block of the lower arm which contained the passively stretched muscles and were 
therefore attributed to activation of the contralateral somatosensory cortex as a direct result of activation of muscle 
afferents. 

These results indicate an important role of sensory input to the cortex during voluntary movement. The exact role 
of this peripheral feedback in motor control is unclear, although a recent MEG study by Kelso and colleagues [15], 
found evidence that such feedback may encode kinematic aspects of the movement, in particular movement velocity, 
during a repetitive finger movement task. In this study, a temporal correlation between sensorimotor cortex activity (as 
measured by principal component analysis of the MEG field pattern) and finger movement velocity was found to be 
invariant for both movement duration and direction. Moreover, increases in velocity preceded slightly the increase in 
sensorimotor cortex activity suggesting that this activity may be reafferent in nature. Further studies are required to 
determine the relationship of the MEFI observed for isolated finger movements to such patterns observed during 
repetitive movement tasks and the role of this feedback in complex motor behaviour. 
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Introduction 

Conflicting results have been reported about a bilateral activation of human primary motor and/or somatosensory 
areas (Ml-SI) in response to voluntary unilateral finger movements. Positron emission tomography and functional 
magnetic resonance imaging (fMRI) studies in normal subjects have localized strong Ml-SI responses to the 
contralateral movement but no [1], little [2,3] or consistent [4] Ml-SI responses to the ipsilateral movement. 
Furthermore, a high resolution EEG study has modeled a slight Ml-SI activation from the planning to the execution of 
voluntary ipsilateral finger extensions, in parallel with a marked contralateral Ml-SI activation [8]. In addition, a 
prominent activation of the left (dominant hemisphere) Ml-SI has been observed in the control of the ipsilateral 
movement. Dipole source solutions from magnetoencephalographic (MEG) measurements in normal subjects have 
shown bilateral Ml-SI responses to the motor planning and bilateral or contralateral Ml-SI responses to the motor 
execution [5,6,7]. In some of these MEG experiments, the ipsilateral Ml-SI responses to the motor execution have been 
found to be due to the spread of mechanical stimulation to the opposite body side while the movement (bottom press) 
was being executed [9]. Several investigations have pointed to a prevailing activation of the left (dominant hemisphere) 
than the right Ml-SI in the preparation of the ipsilateral movement [4,6,7]. Whereas, the only evidence of such a left 
Ml-SI functional asymmetry during the motor performance has been provided by the cited high resolution EEG study 
[8]. Importantly, one might argue that in this study the electric field computed over the Ml-SI ipsilateral to the 
movement was affected by a residual volume conduction of the strong electric field generated by the contralateral M1 - 
SI. 

In the present MEG study we investigated dynamic activation of the human Ml-SI in response to the 
preparation, initiation, and execution of self-initiated internally-triggered contralateral and ipsilateral one-digit 
movements. A main objective was to re-evaluate a possible hemispheric functional Ml-SI asymmetry during the motor 
performance. The working hypothesis was that during the movement execution a slight magnetic field generated by the 
ipsilateral Ml-SI was hidden by the much stronger magnetic field generated by the contralateral Ml-SI and that a 
prominent activation of the left (dominant hemisphere) Ml-SI would be observed from the preparation to the execution 
of the ipsilateral movement. Thus, we used a procedure based on the subtraction of the magnetic field generated by a 
modeled contralateral Ml-SI dipole source from the magnetic field recorded over the ipsilateral Ml-SI (dipole 
“subtracting” localization procedure). 

Methods 

Four normal, right-handed male volunteers (age range: 26-37 years; mean: about 35 ±6) participated in the study. 
None of them had history of neurologic and psychiatric disorders or alcohol and drug abuse. Participant subjects gave 
their written informed consent according to the Declaration of Helsinki and general procedures were approved by the 
local institutional ethics committee. Motor tasks consisted of brisk internally-triggered right and left unilateral middle 
finger extensions followed by passive return to the original resting position (inter-movement interval: 2-5 seconds). 
These tasks were pseudo-randomized in blocks lasting 10 min. Subjects were asked to stare at a visual fixation point and 
to avoid blinking, eye movements, and respiration in concomitance with the finger movement. They were given 2-4 
training sessions to make stereotyped the motor performance and (2 subjects) to assess a possible co-activation of axial 
and proximal muscles during the preparation and/or execution of the finger movement. No axial and proximal muscle 
activation was observed. 

MEG activity was recorded in separate sessions from the right and the left hemisphere by a 28-channel system 
(IESS-CNR of Rome, Italy) including an array of 25 sensors on a spherical surface of about 180 cm 2 . The sensor array 
was centered on C3 or C4 site of the 10-20 international system, which is roughly overlying the left or right hand Ml- 
Sl. Electrooculogram was recorded to control vertical and horizontal eye movements by a pair of Ag-AgCl cup 
electrodes placed laterally just above the right eye and medially just below this eye, respectively. EMG activity was also 
recorded from Ag-AgCl cup electrodes placed over m. extensor digitorum of both sides. All data were gathered (0.lb- 
250 Hz bandpass and 1 kHz sampling rate) in continuous mode with recording blocks lasting 10 min each. Position of 
the sensor array with respect to subject’s anatomical landmarks (nasion, inion, and preauricular points) was 
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systematically detected after 2-3 recording blocks, in order to register subtle head movements across the experimental 
session. Positions of these fiducial landmarks were also digitized off-line for the subsequent integration between the 
MEG and MRI data. 

About 200 MEG single trials (from 2 seconds before to 1 second after the EMG onset) for the right and the left 
movement were extracted from the continuously recorded MEG activity of each subject. Single trials contaminated by 
blinking, eye movements or other inadvertent motor acts were rejected off-line. Special care was devoted to the rejection 
of the single trials contaminated by mirror movements (less than 5%), in which ipsilateral Ml-SI responses could be 
ascribed to these movements. Selected single trials were averaged with respect to the EMG onset (zerotime) and were 
digitally (30 Hz) lowpassed. Data analysis regarded mean MEG activity related to the preparation (readiness field, RF), 
beginning (motor field, MF), and execution (first movement-evoked field, MEF1) of the movement. The latency of the 
averaged MEG activity was measured with respect to zerotime, while the maximum amplitude was referred to the mean 
activity computed from -2 to -1 seconds (or later if the RF started in proximity of the EMG onset). 

With a standard equivalent current dipole (ECD) localization procedure, MEG activity overlying the contralateral and 
the ipsilateral Ml-SI was used as an input for the least-square fit of single or double equivalent current dipole(s). Dipole 
localization was performed in a time window of 10-20 ms close to the main peaks of the MEG data recorded before (MF 
peak) and during the execution (MEF1 peak) of the movement. Since RF and MF could not be dissociated in MEG wave 
forms and maps, we named the MF peak as RF-MF peak and assumed that it represented Ml-SI activation during the 
preparation and beginning of the movement. Reliability of standard dipole procedure was indexed by explained variance 
and a priori assumption. Dipole solutions were rejected when the explained variance was lower than 90% and/or sources 
were placed out or at the basis of the head (physiologically unfeasible solutions). To estimate the time course of the Ml- 
S1 activation, dipole time-series were generated using the dipole location computed at RF-MF and MEF1 peaks as a 
constraint and the recorded MEG data as an input. If the standard single or double dipole localization procedure failed, a 
dipole “subtracting” procedure was used to recognize the movement-related ipsilateral Ml-SI activation. The dipole 
“subtracting” procedure was as follows: (i) the dipole time-series fitting the MEG data recorded over the contralateral 
Ml-SI were used to mathematically generate MEG time-series at the sensor positions located over the ipsilateral Ml- 
Sl; (ii) these mathematically generated MEG time-series were subtracted from the MEG time-series recorded over the 
ipsilateral Ml-SI (ipsilateral "subtracted" MEG wave forms); (iii) the MEF1 peak of the ipsilateral “subtracted” MEG 
wave forms was used as an input for a best-fitting single dipole localization. Taking into account low amplitude and 
poor signal-to-noise-ratio of the ipsilateral "subtracted" MEG wave forms, dipole solutions were rejected only if the 
explained variance was lower than 70%; (iv) the time-series of the ipsilateral Ml-SI dipole were generated using dipole 
location computed at MEF1 peak as a constraint and ipsilateral "subtracted" MEG wave forms as an input. The dipole 
“subtracting” procedure was also tested on short-latency somatosensory evoked magnetic fields peaking about 24 ms 
(24m) or 35 ms (35m) after electrical digit stimulation, which were supposed to be originated only from contralateral SI. 
In all subjects dipole “subtracting” procedure modeled no ipsilateral SI or Ml-SI activation from the 24m and 35m. 

Maximum differences in log-transformed values of dipole time series were selected with a preliminary 
descriptive data analysis, while Bonferroni-corrected paired t-test was used for the final statistical evaluation (p<0.05). 

Results 

Individual MEG wave forms showed a bilateral, contralaterally preponderant, slow magnetic shift (RF), which 
started over the lateral-frontal and medial-parietal areas at about 500 ms before the zerotime for both right and left 
movements and culminated (RF-MF peak) at about zerotime. The RF-MF peak was followed by a high-amplitude 
component peaking at about +115 ms (MEF1 peak). For both movements the isofield contour maps of RF-MF and 
MEF1 peaks presented a prominent dipolar magnetic field distributed over the contralateral lateral-frontal and medial- 
parietal areas. The maps of the RF-MF peak were also characterized by a low-amplitude magnetic field reversed in 
polarity over the ipsilateral lateral-frontal and medial-parietal areas more evident for the left movement. For left and 
right movements the dipole solutions of the RF-MF peak included two sources located in the contralateral and ipsilateral 
central-parietal areas, whereas the dipole solution of the MEF1 peak presented only one source located in the 
contralateral central-parietal area. The dipole location for the distribution of the RF-MF peak was more anterior than 
that for the distribution of the MEF1 peak. In a realistic MRI-constructed head model, dipole solutions were located in 
the gray matter of cortical regions roughly compatible with bilateral Ml-SI for the RF-MF peak and with the 
contralateral Ml-SI for the MEF1 peak. 

In 3 of 4 participating subjects, dipole “subtracting” localization procedure revealed an ipsilateral MEF1. With 
respect to the contralateral MEF1, the ipsilateral "subtracted" MEF1 was reversed in polarity over the lateral-frontal and 
medial-parietal areas, in that lateral-frontal positivity and medial-parietal negativity were observed for the right 
movement and vice-versa for the left movement. Individual ECD solutions from the ipsilateral "subtracted" MEF1 peak 
was located more deeply for the right movement than for the left movement. For both movements the direction of ECD 
current flow of ipsilateral “subtracted” and contralateral MEF1 peak pointed posteriorly. Integrated dipole solutions 
within the realistic MRI-constructed head model showed a localization roughly consistent with the ipsilateral Ml-SI. 

In the dipole time series modeling the movement-related Ml-SI activation, no statistically significant inter- 
hemispherical difference in latency was found. On the other hand, ECD strength modeled (Fig. 1) an increased, 
contralaterally preponderant, Ml-SI activity during the movement planning and performance. This contralateral 
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preponderance was stronger during the performance (MEF1 peak) with respect to the planning (RF-MF peak) of the 
movement and significantly stronger during the right (p<0.001) with respect to the left (p<0.01) movement. 
Furthermore, the difference between the contralateral and ipsilateral Ml-SI activation was statistically higher for the 
right movement (RF-MF peak, p<0.05; MEF1 peak, trend only) than for the left movement (RF-MF peak, p<0.01; 
MEF1 peak, pcO.OOl). Finally, a tendential higher amplitude of the contralateral Ml-SI activation at MEF1 peak was 
computed for the right than the left movement. 


MI-SI 


RF-MFp 



RIGHT FINGER LEFT FINGER 
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LEFT FINGER 
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Fig. 1. Diagrams showing across-subject mean and (+) standard error mean (vertical bars) of the modeled contralateral 
(C) and ipsilateral (I) primary sensorimotor cortex (Ml-SI) responses computed at the readiness field-motor field peak 
(RF-MFp) and movement-evoked field 1 peak (MEFIp) for the right and the left finger movement. Index differences (C 
minus I, C-I) are also shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ST, statistically tendential difference. 

Discussion 

Standard dipole localization procedure modeled a bilateral increased Ml-SI activation during the movement 
preparation that presented mean onset latency (RF onset: about -500 ms) similar to that reported in previous MEG 
investigations [5,6,7]. In accordance with cited MEG and EEG studies, the preparatory Ml-SI activation peaked close 
to the beginning of the movement. On the other hand, during the movement execution (MEF1 peak: about +115 ms) the 
standard dipole localization procedure modeled either a stronger activation of the contralateral SI than Ml or the only 
activation of the contralateral SI. This maximum activation of the contralateral SI supports the idea of a priority cortical 
processing of peripheral somatosensory information during the on-going movement [9,10,11]. 

In 3 of 4 subjects participating to this study, dipole “subtracting” localization procedure revealed an ipsilateral 
central-parietal source for the MEF1 peak, which was located posteriorly to the central sulcus. This dipole source 
modeled roughly an ipsilateral Ml-SI activation that would be related to neither involuntary mirror movements nor 
postural adjustments accompanying contralateral finger movements. In fact, all single trials contaminated by these 
movements were rejected and no task-related axial and proximal muscle activation was seen with preliminary surface 
electromyographic recordings. Furthermore, the dipole “subtracting” localization procedure did not compute “ghost” 
ipsilateral source solutions, as indicated by a test performed on 24m or 35m of somatosensory evoked fields. It is worth 
stressing that the dipole “subtracting” localization procedure was able to disclose a slight movement-evoked ipsilateral 
Ml-SI activation not modeled using standard double-dipole localization procedure. Despite explained variance higher 
than 95%, the standard double-dipole localization modeling of the MEF1 peak field presented one reliable contralateral 
central-parietal source and another source located in areas physiologically unfeasible. This may be due to the fact that 
signal-to-noise-ratio of input MEG data was much more favorable with the dipole “subtracting” than the standard dipole 
localization procedure. With the dipole “subtracting” localization procedure, a single source fitted “subtracted” 
ipsilateral MEF1 peak field, free from a strong interfering magnetic field generated by the contralateral Ml-SI 
(contralateral MEF1 peak). On the other hand, both standard double-dipole and “subtracting” single-dipole localization 
procedures used a non-linear minimization function, which looked for the minimum difference between the recorded 
magnetic field and the magnetic field predicted by the dipole solution. This minimization function took into account 5 
parameters (i.e., dipole coordinates and moments) for each fitting dipole, so that 5 and 10 dipole parameters were 
processed with the “subtracting” single-dipole and the standard double-dipole localization procedure, respectively. It is 
probable that the minimization function algorithm could model better movement-evoked ipsilateral Ml-SI activation 
with 5 than 10 dipole parameters and with no strong magnetic field generated by the contralateral Ml-SI over both 
hemispheres. 

Dipole localization procedures used in the present study modeled increased contralateral preponderance of the 
Ml-SI activation from the pre-movement to the performance period. This fits with aforementioned MEG [6,7] and high 
resolution EEG [8] evidence supporting the view of a dynamic ipsilateral distal motor representation in Ml-SI stronger 
for the selection and running of the motor command than for the processing of the somatosensory peripheral feed-back 
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concomitant with the ongoing movement. The contralateral preponderance of the modeled Ml-SI activation was 
statistically higher for preparation and execution of the right (p<0.01 to p<0.001) than the left (statistical trend to 
p<0.01) movement. This would indicate that the left Ml-SI (dominant hemisphere) involvement in the planning and 
control of the ipsilateral non-preferred hand movement would be stronger than the right Ml-SI involvement in the 
planning and control of the ipsilateral preferred hand movement. A prominent left Ml-SI activation related to the 
ipsilateral movement confirms and extends cited MEG [6], fMRI [4] and high resolution EEG [8] data and agrees also 
with other lines of evidence. It has been reported that conditioning transcranial magnetic stimulation of human Ml 
resulted in more marked transcallosal inhibition of the left (dominant hemisphere) than the right Ml [12]. Furthermore, 
subdural EEG recordings in right-handed epilepsy patients disclosed a slight activation of SI ipsilateral to median nerve 
stimulation that was more evident in the left (dominant) than the right hemisphere [13]. 

In conclusion, the present MEG study supports the hypothesis that, along with a strong contralateral Ml-SI 
activation, a slight ipsilateral Ml-SI activation would subserve the execution of volitional unilateral one-digit 
movements. This ipsilateral Ml-SI activation pointed to a prevailing role of the left Ml-SI in the control of ipsilateral 
finger movements, which may be founded on the ability of the left hemisphere in management of information originating 
in the language cortical areas of 95-98% of right-handers (i.e. verbally-coded instructions on motor performance). 
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Introduction 

One of the major advantages of magnetoencephalography (MEG) is that it easily records activities in the sec¬ 
ondary somatosensory cortex (SII), where it is difficult for electroencephalography (EEG) to detect activities due to the 
location and direction of dipole sources. The detailed topography (mapping) of receptive fields in the primary sensory 
cortex (SI), the so-called homunculus, to stimulation applied to various sites of the body has been extensively analyzed 
by direct stimulation of the cortex [1]. We recently analyzed this topography in normal subjects using MEG[2]. The 
mapping of receptive fields in SII has not yet been established, though Hari et al. (3) described these fields in a small 
number of subjects. Therefore, the objective of the present study was to analyze the receptive fields in the SII follow¬ 
ing stimulation applied to various parts of the body to confirm whether the homunculus is present or not in the SII . 


Methods 

Six normal volunteers (20-44 years old, 2 females and 4 males) were studied. We obtained their written informed 
consent to participate in the experiment, which was first approved by the Ethics Committee at our Institute. No medi¬ 
cation was given to the subjects and they were instructed to stay wake during the session. We asked the subjects to 
look at a small white dot on the screen during the MEG recording. Data acquired while a subject was drowsy or asleep 
were not used, since SII responses are much reduced or disappeared during sleep. 

Somatosensory evoked magnetic fields (SEF) were recorded by averaging the MEG waveforms following soma¬ 
tosensory stimulation. We stimulated the following 6 sites of the right side, (1) tibial nerve at the ankle, (2) middle fin¬ 
ger of the hand, (3) thumb, (4) scalp, (5) upper lip (2.5 cm lateral to the midline) and (6) lower lip (2.5 cm lateral to the 
midline), in each subject. Since it takes a long time to perform all recordings, the experiments were done on a few dif¬ 
ferent days. The stimulation methods were fundamentally the same as in our previous studies [41-[7]. Pressure stimula¬ 
tion using air pressure was applied to the scalp (see Hoshiyama et al. [6] in detail). Electrical stimulation was applied 
to the tibial nerve, middle fingers and thumb. It was a constant voltage square-wave pulse delivered transcutaneously. 
The intensity was sufficient to produce a definite twitch of the big toe (tibial nerve), and three times as large as the 
sensory threshold (middle finger and thumb). For the stimulation of the lip, we used a newly designed apparatus, a 
pair of silver ball electrodes attached to the tips of a Y-shaped aluminum wire (see Hoshiyama et al. (7] in detail). The 
stimulus electrodes were clipped to the inner surface of the right side of the lip. In all sessions of electrical stimulation, 
the stimulus duration was 0.2 msec and the stimulation rate was 1 Hz, and no subject reported a painful sensation. We 
also recorded auditory evoked magnetic fields (AEF) to a pure tone (75dB) lasting 100 msec at a rate of 1 Hz. One 
hundred responses were averaged. 

SEF and AEF were measured with a 37-channel biomagnetometer (Magnes, BTi, San Diego, CA). The detection 
coils of the biomagnetometer were arranged in a uniformly distributed array in concentric circles over a spherically 
concave surface. The diameter of the coil was 20 mm, and the distance between the centers of each coil was 22 mm. 
The device was 144 mm in diameter and its radius was 122 mm. The outer coils were 125 mm apart. 

In each subject, the probe was centered on the C3 position (International 10-20 system) which covered the SII and 
auditory cortex. The responses were recorded with a 0.1-200 Hz bandpass filter, followed by that at 0.1-100 Hz. The 
responses were digitized at a sampling rate of 1024 Hz. The analysis window was 400 ms after the stimuli, and their 
DC was offset using a pre-stimulus period (100 msec) as the baseline. Three hundred trials were averaged in one 
session, and at least 2 sessions (usually 3 or 4 sessions) were recorded. After confirming the consistency among ses¬ 
sions in terms of waveforms and dipole locations, we adopted the best recording for analysis. 

A spherical model was fitted to the digitized shape of the head of each subject, and the location, orientation and 
amplitude of best-fitted single equivalent current dipoles (ECDs) were estimated at each time point. The origin was the 
point exactly halfway between the pre-auricular points (PAs). The x-axis indicated a line extending through the origin 
and the nasion, with positive x coming out of the head at the nasion. The z-axis was a line extending through the origin 
and the top of the head, with positive values toward the upper side. This axis was perpendicular to the plane formed by 
the left and right PAs and nasion. The y-axis was a line perpendicular to the x-axis extending through the origin and 
the sides of the head, with positive values toward the left PA. The correlation between the theoretical fields generated 
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by the model and those observed was calculated. To adopt stringent criteria for dipole fitting, only estimates with cor¬ 
relation above 0.95 were analyzed. 

Magnetic resonance imaging (MRI) scans (Shimadzu Magnex 150 x T 1.5T) were obtained for all subjects. The Tl- 
weighted coronal, axial and sagittal images with continuous slices I 5 mm in thickness were adopted or overlays with 
ECD sources detected by MEG. The common MEG and MRI anatomical landmarks (nasion and entrance of the audi¬ 
tory meatus of the left and right ears) allowed easy transformation of the head-based 3-D coordinate system used by 
the MEG sources analysis to the MRI. 


Results 

Consistent clear magnetic fields were recorded in response to each stimulation site in all subjects. Since we 
observed that early components were generated in SI by our previous studies (4j-[7], components later than 80 msec 
were analyzed. The peak latencies of the SII responses were the longest following tibial nerve stimulation (100.0 + 
14.2 msec), and almost the same following finger and lips stimulation (90.1 ± 12.8 msec for upper lip, 90.5 + I 1.0 
msec for lower lip, 82.9± 13.5 msec for thumb and 82.9± 102 msec for middle finger). 

ECDs of all such responses were estimated on the superior bank of the Sylvian fissure, corresponding to the SII. 
To know the relationship of each position, we used the normalized values by x, y and z coordinates following thumb 
stimulation as (0JO,0). For example, if the x, y and z coordinates of the components following thumb and middle finger 
were (5,5,5) and (6,4,5), the normalized values for each were (OjOjO) and (1,-1,0). Fig. 1 shows the normalized values 
of each session in each subject. Fig. 2 shows the normalized values of each session in each stimulation, and Fig. 3 
shows the ECDs overlapped on MRI in a representative subject. The relationship for each ECD was easily found by 
Figs. 1-3. 

Discussion 

The SII is located along the superior bank of the Sylvian fissure, and it lies lateral and inferior to the face represen¬ 
tation in SI, and anterior or medial to the primary auditory areas [8]. Although the functions of the SII are not clearly 
identified, the SII probably has a very fundamental somatosensory capacity because this area has been found in nearly 
all mammalian species, including animals lacking extensive manipulative skills [8]. After Penfield and Jasper I report¬ 
ed the presence of the SII in humans based on the results of cortical stimulation, Luders et al. [9], Allison et al. [10] 
and Mima et al. [4] reported SEP recorded from the SII following median nerve stimulation, using chronically implant¬ 
ed subdural electrodes or direct recording from the cortical surface during surgery. Recent MEG studies also revealed 
current dipoles which were considered to be generated in the SII [3]-[7],[l 1 ]-[ 13]. However, the present investigation 
is the first systematic study to analyze the receptive fields in SII to various parts of stimulation using MEG. 

Although we found no definite “homunculus” in the SII, a general tendency was identified. Its order was compati¬ 
ble with studies of monkeys [ 14]; that is, the ECDs for the lips tend to be located in the anterior and lateral site, those 
for tibial nerve tended to be located in the posterior and medial site, and those for the fingers tended to be located mid¬ 
way between them. Hari et al. [3] analyzed receptive fields in SII following lower lip, wrist and ankle stimulation, but 
in most subjects it was not possible to find good dipole fits for all three responses and somatotopy could not 
determined. In only one subject, they found the somatotopy in the SII in that the source for lip stimulation was most 
anterior and that for tibial nerve stimulation most posterior. Their findings were generally compatible with ours. The 
reason why it was difficult to find good responses in the SII in their study may be due to the difference of MEG device, 
but this is not certain. 

Neurons in the SII differ from those in the SI in that their receptive fields are larger, encompassing ipsilateral as 
well as contralateral areas of the body surface for 63 % of the units studied in unanesthetized cats [15] and 90 % of the 
units in unanesthetized monkeys [14]. Therefore, responses generated in the SII in the hemisphere ipsilateral to the 
stimulation may also be informative. 

The reason why a clear homunculus was not identified in SII is not known, but it may be due to the fact that the SII 
plays an important role in the integration of sensory perception from various parts of the body rather than the discrimi¬ 
nation of stimulated parts, or because the SII has undeveloped areas compared with the SI. 


Conclusion 

The order of the receptive fields in the SII following the stimulation of various parts of the body were as follows; 
(1) Anterior-posterior direction: lower lip - upper lip - scalp - thumb - middle finger - foot, (2) Medial-lateral direction: 
foot - middle finger - thumb - scalp - upper lip - lower lip,and (3) Lower-upper direction: lower lip - upper lip - scalp - 
thumb - middle finger - foot. In general, this is similar to the findings of studies of monkeys [14], but the differentia¬ 
tion was not as clear as in the homunculus in the SI. The auditory cortex is located at a more posterior, lateral and 
lower site than the SII. 
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Fig. 1: Location of recep¬ 
tive fields to somatosenso¬ 
ry stimulation applied to 
various parts of the body 
and auditory stimulation 
in 5 subjects (Subject 1- 
Subject 5). To show the 
relative location of the 
receptive fields to each 
site stimulation, X, Y and 
and Z coordinates of the receptivefields of the thumb is 
adopted to be (OjOjO) in all figures.There was a large inter¬ 
individual difference of the receptive fields in SILand was 
not a clear order of receptive fields unlike homunculus in 
the primary sensory cortex (SI). However, there was a ten¬ 
dency of the order of receptive fields as follows; 
Anterior-Posterior; Lower lip-Upper lip-Scalp-Thumb- 
Middle finger-Leg, 

Medial-Lateral: Leg-Middle finger-Thumb-Scalp-Upper 
lip-Lower lip, 

Lower-Upper: Lower lip-Upper lip-Scalp-Thumb-Middle 
finger-Leg. 

The auditory cortex is located more posterior-lateral-lower 
site than SII. 
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Fig.2; Receptive fields of the thumb stimulation, audito¬ 
ry cortex and other sites stimulation in all 6 subjects. X, 
Y and Z coordinates of the receptive fields of the thumb 
is set to be (OjOjO) in all figures. 
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Fig.3: Estimated dipoles overlapped on MRI following somatosensory stimulation of various 
sites and auditory stimulation in one subject. There appears that the receptive Fields of the leg 
and lip are located in the medial and lateral side, respectively, and the hand area is in the 
middle. Their locations are more superior and anterior than the auditory cortex. 
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Somatosensory Evoked Magnetic Fields Due to Simultaneous Electrical 
Stimulation of the Posterior Tibial Nerves 


Hatanaka K, Chiba K, Yamada Y 

ELEKTA KK, Tokyo, Japan 


Introduction 

Somatosensory evoked magnetic fields (SEFs) due to electrical stimulation of the median nerve at the wrist are 
probably the most frequently used in clinical magnetoencephalography (MEG) [1]. SEFs provide reliable 
discrimination of the central sulcus, degree of invasion of tumor near the hand area, and indication of the accuracy of 
MEG source localisation. Posterior tibial nerve stimulation is used if the tumor is located near the foot area [2], The 
stimuli are usually applied to one side of the body, and two separate sessions are necessary to complete the investigation. 
Electrical stimulation of both sides simultaneously would reduce examination time and allow intuitive inspection of the 
balance of both hemispheres. SEFs due to bilateral posterior tibial nerve stimulation were measured and compared 
with standard unilateral stimulation. 

Subjects and Methods 

Three normal right-handed volunteers participated in this study. Left, right and bilateral posterior tibial nerves 
were electrically stimulated (1 Hz, 0.2 ms duration, constant current above motor threshold) in separate sessions. 
SEFs were recorded with a helmet-shaped magnetometer incorporating 122 planar first order gradiometers at 61 
positions (Neuromag Ltd., Finland). Two hundred responses were processed through a 0.03 to 300 Hz band-pass filter, 
digitized at 1 kHz and averaged. The ‘best sphere’ fit for the head of each subject was determined by magnetic 
resonance (MR) imaging. Source localisation used the single equivalent current dipole (ECD) model for unilateral 
stimulation and the double ECD model for bilateral stimulation. Initial estimation of the bilateral dipole source was 
determined by successively locating left and right dipole by single dipole model of the left or right hemisphere. 
Estimated dipole sources were superimposed on MR images of each subject and compared with anatomical structures. 

Results 

Typical SEF responses of the latency between 0 to 100 ms of a subject are shown in Fig. 1. Left, right and 
bilateral posterior tibial nerve stimulation results obtained in different sessions were superimposed on each sensor 
location. Since these three waveforms were measured at different sessions, absolute locations of the sensor position 
relative to the subject head were different. However, addition of left tibial nerve and right tibial nerve stimulation 
waveforms at each latency approximated quite well to bilateral tibial nerve stimulation waveform [3]. 

Isomagnetic field contour maps of the same subject are shown in Fig. 2. Comparison of the isomagnetic field 
contour maps of left, right and bilateral posterior tibial nerve stimulation for a normal subject clearly demonstrated that 
the single dipole map pattern (Fig. 2(a), (c)) could easily be discerned from dual dipole map pattern (Fig. 2(b)). 

Different representations of the somatosensory evoked response due to bilateral posterior tibial nerve stimulation 
at the P37 peak latency in a normal subject are compared in Fig. 3. Fig. 3 (a) and (b) show measured magnetic fields 
in different representations while Fig. 3 (c) and (d) show the expected current distribution estimated by measured 
magnetic field data. The minimum-norm estimates (MNE) model [4] (Fig. 3(d)) clearly indicates two dipolar source 
currents in the vertex region and seemed to be most useful for representing the response. 

Source localisation utilised MNE for the source current distribution estimation. The single ECD of the P37 
wave was located on the contralateral anatomical central sulcus for unilateral posterior tibial nerve stimulation. The 
dual ECDs of the P37 wave were located on the anatomical central sulcus for bilateral posterior tibial nerve stimulation 
(Fig. 3(e)). 

Discussion 

Disorder in one hemisphere of the brain usually results in delay of the latency and/or decrease of the response in 
the sensory cortex [2]. In this case, the iso-magnetic field contour map pattern at the main response peak is more or 
less like the single dipole map pattern even using bilateral stimulation. Fig. 2 clearly demonstrates that the single 
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Fig. 1 Typical somatosensory evoked magnetic fields waveforms due to posterior tibal nerve stimulation. Left, 
right and bilateral posterior tibial nerve stimulation measured in different sessions are superimposed at each 
sensor location. Waveforms are shown between the latency of 0 and 100 ms. L and R in the right figure 
indicate P37 peaks of the left and right unilateral posterior tibial nerve stimulation waveforms (gray curves). 
Bilateral waveforms are shown in dark black curves. 



Fig. 2 Iso-magnetic fields contour maps due to (a) right, (b) bilateral, and (c) left posterior tibial nerve 
stimulation. Contour interval is 10 fT/cm. 
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Fig. 3 Different representaions of the somatosensory evoked response at the P37 peak due to bilateral posterior 
tibial nerve stimulation, (a) Iso-magnetic field contour map, (b) gradient contour map, (c) arrow map, (d) 
minimum-norm estimate, and (e) equivalent current dipoles superimposed on MR images. 
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dipole map pattern (disorder in one hemisphere) could easily be discerned from two dipole map pattern (normal 
response) due to posterior tibial nerve stimulation. Therefore, bilateral posterior tibial nerve stimulation can provide a 
simple and quick visual inspection of disturbance near the foot region of subjects. 

For visual evoked magnetic fields (VEFs), iso-contour magnetic field map due to full visual field stimulation can 
be used for quick inspection of disorder near the visual cortex [4], Moreover, disturbances around the visual pathway 
such as pituitary adenoma cause non-symmetric iso-magnetic field contour map pattern, which can easily be discerned 
from the normal dual dipole pattern [5]. Therefore, bilateral posterior tibial nerve stimulation can also be used to 
examine disorders around somatosensory pathways related to the foot region. 

Source localisation using the dual equivalent current dipole model located two sensory foot region dipole sources 
on the anatomical central sulcus separated by only 20 to 30 mm. This excellent spatial resolution is probably due to 
the planar gradiometer signal detector coil and MNE source localisation method used in our MEG system. 
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Introduction 

Magnetoenccphalography (MEG) has been used lo study somato¬ 
sensory, auditory and visual information processes. MEG is useful for investi¬ 
gating the interaction between somatosensory, auditory and visual inputs in 
primary and association cortices.. Our study was focused on interaction bet¬ 
ween somatosensory and auditory inputs in first and second somatosensory 
cotices (SI and Sll) and association cortices under somatosensory threshold 
condition. 

Methods 

Subjects were 10 normal volunteers (7 male, 3 female, mean age 31.8 
years-old). Somatosensory stimulation: electric pulse (0.2 ms) was given to the 
right median nerve, at 1.2 times sensory threshold. Auditory stimulation: 

click sound (0.2 ms) was given to right ear ( GO dll SI. ) with left car masked by- 
white noise (-30 dll). Auditory stimulation was given synchronously or 
asynchronously prior to somatosensory stimulation: 0 ms, 100 ms, 1 50 ms, 200 
ms and 300 ms. SEEs were recorded with dual 37 channel biomagnetmeters 
(BTi, Magnes) in a magnetically shield room to record SEEs . Sampling rale 
was 2083.5 Hz and analysing time was pre 100 ms and post 500 ms. The cen¬ 
ters of two sensor, A and LI were positioned at C3 and C4 of the international 
10-20 system. 

Results 

SEE modulation was observed in dual stimulus conditions. Late compo¬ 
nents of SEFs were reduced under dual stimuli on motor threshold condition. 
On sensory threshold condition, components of SEE are enhanced at 100 ms 
(Fig. 1). IM was enhanced under the condition of auditory stimulation 
with the intervals of 0 and 100 ms prior lo somatosensory stimulation (F < 
0.05, t-lest). 2M was enhanced significantly (P <0.05, t-test) under the 
condition of auditory stimulation 200 ms prior to somatosensory stimu¬ 
lation. 3M was not influenced under any conditions. 4M was reduced at the 
interval of 200 ms. 5M was not influenced under any conditions (Eig.2). 

Discussion 

Interaction between somatosensory and auditory input was modulated 
by the intensity of somatosensory stimulation. On the condition of motor thre¬ 
shold stimulation, the late SEE components, 4M and 5M were significantly 
reduced. In contrast, on the sensory threshold condition, 1M and 2M were 
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enhanced when the interval of the paired stimuli was 0 and 100 ms for 1M 
and 200 ms for 2M. 

These results suggest that hi modal interaction is modulated by the 
intensity of sensor)' stimulus: inhibition for a strong stimulus and facilitation 
for a week stimulus. While late components are mainly modified by an 
inhibition process, early components arc enhanced by a facilitation process 
of integration between different modalities. The effect of strong stimu¬ 
lation is reduced and that of weak stimulation is enhanced with a control 
over multimodal system. This mulimodal system may be influenced by attcn- 
tional, top-down control from higher order association cortices. 

fig. 1 






1: somatosemsory single stimulation 
2: synchronous somatosensory and auditory dual stimuli 
3: asynchronous somatosensory and auditory dual stimuli (100 ms) 
4: asynchronous somatosensory and auditory dual sttimuli (200 ms) 


Pig- 1 Change of Slips on motor and sensory threshold conditions. Late com¬ 
ponents of SUPs are reduced under dual stimuli on motor threshold con¬ 
dition. On sensory threshold condition, components of Slip are en hanced 
at 100 ms. 

1: somatosensory single stimulation, 2: synchronous somatosensory and 
auditory slilunii, 3: asynchronous somatosensory and auditory stimuli 
(100ms), 4: asynchronous somatosensory and auditory stimuli(200ms). 
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* V< 0.05 ( t-test) 


l ; ig.2 Amplitude change. Amplitudes of IN and 2M are significantly 
enhanced by dual stimuli. 
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Comparison between EEG, MEG, and combined EEG and MEG source 
localization of somatosensory evoked activity 
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Introduction: 

Theoretical considerations and simulation studies have shown that, MEG 
(magnetoencephalogram) and EEG (electroencephalogram) provide complementary information about the 
underlying neuronal activity in the human brain. Combining MEG and EEG recordings for source 
localization might give superadditive information thus, increasing source localization accuracy [6,7]. In 
order to validate these theoretical studies we compared source localizations based on simultaneous MEG 
and EEG recordings. As part of the study we quantified the difference between EEG, MEG, and combined 
EEG/MEG source localizations for the highly reproducible 20 ms component of median nerve stimulation 
(N20). 

Furthermore we also explored different volume conductor models [3,4]. Through the comparison 
of the results obtained from different head models in which the source of identical primary data was 
localized, we evaluated the utility of complicated versus simple models for MEG, EEG and combined 
MEG/EEG. 

Methods: 

We stimulated the right median nerve of 7 healthy right-handed volunteers (5 males, 2 females, 
age 26.1 ± 3.7 years) according to the IFCN [5] recommendations for short latency somatosensory evoked 
potentials (0.2 ms square wave, 1000 trials, 1 Hz stimulus frequency, stimulus strength sensor + motor 
threshold) after obtaining written consent. 

MEG was recorded simultaneously with EEG using a 31-channel biomagnetometer (first order 
gradiometer with a 20 mm coil diameter, a 70 mm baseline and a system noise of less then 10 ft/VHz, 
Philips, Hamburg, Germany), 0.3- 1500 Hz, sampling rate was 2000 Hz, above the contralateral 
somatosensory cortex in a shielded room (Vacuum Schmelze, Hanau). 

The 28 EEG electrodes were attached in a rectangular matrix pattern over the left 
centroparietal area of the head (including 10-20 standard electrodes Cz, C3, P3, Cp3 and Cz, at a mean 
inter-electrode distance of 2.0-2.5 cm). Impedances were kept below 7 k£2. Reference electrodes were 
attached to both mastoids. 

Both MEG and EEG data were amplified with Synamp devices (Neuroscan Inc., Herdon, USA) 
and 4 Hz to 250 Hz bandpass filtered. The common average reference was used for source localization 
from EEG data. 

A T1-weighted MRI-data set of the head was obtained (3D-headscan, 256 layers of 1.0 mm 
thickness, Philips Gyroscan™, 1.5 Tesla). On each individual, 4 fiduciary points (Nasion, Vertex, left and 
right preauricular fossa) were identified by means of radiographic markers that enable integration of the 
MEG/EEG localization results with the individual morphological structure of the brain. The position of the 
MEG sensors with respect to the head was determined using five reference coils placed on the scalp 
[2]. The localization error of this positioning system was < 2 mm. The head position was measured 
twice, before and after the somatosensory protocol in order to exclude significant head movement. 

MRI images were read into the anatomic display software tool of CURRY V3.0 m (Philips Research 
Laboratories, Germany). 
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The head models used were 2 spherical shell models and 2 realistic shaped head models of BEM 
type (Boundary Element Method), consisting of 3 and 4 compartments (cortex, CSF, skull and scalp). All 
models were calculated using the CURRY™ software. The BEM models (linear potential approximation, 
isolated potential approach, 9.5 mm triangle side length) were calculated from the individual MRI-images 
for all subjects. 

The cortical compartment was segmented from the MRI data set. This compartment was expanded 
by 2 mm to create the CSF compartment (respective inner skull boundary). The CSF compartment was 
expanded by 5-6 mm again to create the outer skull boundary. The scalp compartment was segmented from 
the MRI data set. A homogeneous conductivity of 0.33, 0.0042, 1.00 and 0.33 S/m (scalp, skull, CSF and 
brain) was assumed for the appropriate compartments. The 3-compartment models included the CSF, skull 
and scalp compartments. 


Figure 1: Visualization 
of a realistic shaped 
four-compartment BEM 
model. 



The original SEF and SEP data were based on 1000 averages. The SEP data were referred to a 
common average reference. In both data sets the stimulus artifact between 0 and 4 ms was rejected. The 
data were baseline corrected using the time interval -20 to -0.5 ms before the stimulus. Furthermore this 
pre-stimulus interval was used for the estimation of the signal-to-noise ratio. The data sets were filtered 
between 4 and 250 Hz (transition 3 and 50 Hz) using a Butterworth 3 filter. 

The maximum of global field power at about 20 ms was chosen as the time instance of source 
analysis. The source analysis was performed using the equivalent dipole algorithm of the CURRY software 
for the EEG data, for the MEG data and for the combined EEG/MEG data. The best fit time instance 
around the 20 ms latency correlated with the MGFP maximum peak in all instances. 

The source localizations were calculated for every individual within four different head models: 
spherical shell model, 3 compartments (CS 3), spherical shell model, 4 compartments (CS 4),realistic 
shaped BEM model with 3 compartments (BEM 3),realistic shaped BEM model with 4 compartments 
(BEM 4). Furthermore three different data modalities were taken into account: MEG, EEG, Combined 
MEG/EEG. 


Results 


The mean signal-to-noise-ratio at the time instance of the N20 component was 8.6 (±3.6) for 
MEG, 6.7 (± 1.3) for EEG and 9.8 (± 2.6) for EEG/MEG source analysis. The first and second principal 
component (PCA) of the N20 component (maximum of the Mean Global Field ± 2.5 ms) power was 93.7% 
and 4.2% for MEG and 80.3% and 11.8% for EEG. 

About 93% of the MEG dipoles were localized at or near Brodmann area 3b in the primary 
somatosensory cortex. The values for EEG and combined MEG/EEG were 71% and 86%, respectively. 

The sources of MEG data were up to 5 mm away from the cortical surface, while the combined MEG/EEG 
were up to 7 mm away and the EEG up to 10 mm away. 

We found that the dipole analysis based on combined EEG and MEG data yields source locations 
closer to those based on MEG than to those based on EEG only. However, dipole strength of combined 
EEG/MEG analysis is closer to the single EEG analysis than to the single MEG analysis. 
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Figure 2: Differences of 
source locations in mm 
(Mean and SEM) between 
the different data 
processing strategies 
dependend on which head 
models was used. 


We observed no significant difference in the dipole directions between the combined EEG/MEG 
analysis and the single MEG or EEG analysis. 

There was an explicit shift of the EEG source depending on the complexity of the head model 
employed. Specifically, the 4 compartment BEM model shifted the source upward on the z-axis (Fig. 2). 


Localization shift depending on the head model 



Figure 3: Source shifting 
(Median and SEM) for the 
different data processing 
strategies compared to 
the 3-compartment 
spherical shell model. 


01 MEG HEEG □ combined MEG /EEG 


Discussion 

In general our MEG and EEG findings are concordant with the findings of other authors [1,3,4]. 
Following the recommendations of Haueisen et al. [4] we used BEM models with a boundary element 
discretization (< 10 mm), to assure stable BEM solutions. It was found that the head model used had 
minimal influence on the localization accuracy of the MEG. In contrast we observed a model dependent 
shift in the localization (up to 15 mm) of the EEG data (Fig. 3). 


The direction of the source shift between simple and most complex head models indicates that 
during the time instance of the N20 there may be area 1 activation (seen only by EEG) beyond the area 3b 
activation (Fig. 4). When a realistic head model is used, activation of area 1 is strong enough to shift a 
single source significantly closer to the top of the postcentral gyrus. The single dipole model is therefore an 
inappropriate source model for the EEG N20 component within a sophisticated BEM head model. This is in 
accord with the PCA results of our MEG and EEG data of the N20 complex. 

With respect to the EEG, appropriate source models have to take into account advanced volume 
conductor models, considering the physiological background of the data. It seems that for N20 EEG, a 
source model with two independent single dipoles is necessary using a 4-compartment BEM model. 

The data indicate that single dipole modelling does not fully capture the true complexity of 
somatosensory evoked activity, however MEG provides accurate localization of the 3b component to which 
it is sensitive. But this localization accuracy is more than adequate for clinical purposes. 
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Figure 4: Source “dissociation ” of the N20 component in 
MEG and EEG. There was an average shift for the EEC 
determined source of about 2 mm laterally, about 5 mm 
anteriorly and about 13 mm superiorly when comparing the 
simplest head model (CS 3) with the most complex head 
model (BEM 4). Taking in to account the anatomy of the 
post-central gyrus this shift between the MEG and EEG 
localization indicates that the EEG source is closer to 
Brodmann area 1 than the MEG source. 


Combined source localization based on EEG and MEG provide different information than single 
EEG or MEG source analysis, thus serving as the first experimental indication that the theoretical studies 
(e.g. [6,7]) may prove correct. 
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Introduction 

In monkeys, extensive electrophysiological studies revealed a complete map of the cutaneous receptors of 
the body in the primary somatosensory area 3b with the digits of the hand and foot locating deep in the central 
sulcus near the area 3a and palm and sole of the foot locating near the area 1 border [1-3]. However, there has 
been no SEF study or somatosensory evoked potential (SEP) study on the distal-proximal representations in the 
hand area of human somatosensory system. In view of the many detailed studies of somatotopy of human hand 
sensory cortex in normal, deafferented or over-trained state, it is surprising that the studies were confined to 
defining the somatotopy of each finger and little attention was given to the other equally important dimension of 
the somatotopy; distal-proximal representations within a finger and adjacent palm. In the present study, we 
address the issue of distal-proximal representations in the SI somatosensory cortex for mechanical vibratory 
stimulation of the index finger and palm. 

Materials and methods 

The experiments were conducted on 11 healthy students, 7 females and 4 males between the ages of 21 
and 23 years. Vibratory stimulation (200 Hz, 10 msec) was delivered to the center of the tip (1) of the index 
finger and other target points (2, 3, 4, 5 and 6) located at successive sites in 3 cm increments from the finger tip 
to the palm along the digital nerves (Fig. 1). The fingers and hand were immobilized with a vacuum cast. The 
stimulation was produced by a nonmagnetic electromechanical piezoelectric transducer with a 1 mm diameter 
hemispherical aluminum tip. The stimulation was delivered at random intervals between 2 and 3 sec. 

Neuromagnetic recordings (bandpass 0.1-300 Hz) were 
made with a whole head 122 channel planar gradiometer system 
(Neuromag, Helsinki). 

An epoch of 350 msec (50 msec pre and 300 msec 
poststimulus) was digitized at a 1 kHz/channel sampling rate and 
150 responses were averaged on-line. SEFs for each set of 6 
stimulus locations given in a random order were obtained from 
each subject. Continuous white noise was delivered through plastic 
earphones at a level sufficient to mask any noise from the 
stimulation system. 

We employed a single equivalent current dipole (ECD) 
model in a spherical volume conductor for identifying sources of 
the magnetic signal. 3-D location, orientation and strength of the 
ECDs were calculated by a least-squares search. Only ECDs with 
the goodness of fit of more than 80% and the 95%-confidence 
volume of less than 200 mm 3 were accepted for further analysis. 

An analysis of variance (ANOVA) was employed for 
statistics. 


3) to the palm (4,5 and 6). 



Fig. 1 Stimulus locations along the 
index finger and palm. The target points are 
located at successive sites in 3 cm increments 
from the finger tip (1), along the finger (2 and 
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Results 

Based on the above criterion for selection of ECDs, the magnetic recordings from 5 subjects were 
excluded from further analysis. Thus, SEFs from 6 subject (4 females and 2 males between the ages of 21 and 
23) were studied. Following vibratory stimulation, the main deflection occurred at the latency of approximately 
50 msec (M50) for all subjects. Fig. 2 shows superimposed SEFs to stimulation of the 6 different sites from distal 
to proximal area of the index finger and palm. Responses had the highest amplitudes over the left anterior 
parietal cortex (Fig. 3). The SEF traces for stimulations of the different locations are illustrated by different 
lines; solid for the finger tip (1), dotted (2), and interrupted (3, 4, 5, and 6) lines with an increasing gap for 
successively proximal direction. 



Fig. 2 Superimposed SEFs to stimulations of 6 different locations over the right index finger and palm. The traces 
are projected onto sensor locations over the head viewed from the top with nose pointing upwards. In each response pair, the 
upper trace illustrates the field derivative along the latitude (positive signal from vertex to decreasing latitude) and the lower 
trace along the longitude (positive signal counterclockwise). 

Although the latency of the M50 peak had a tendency to shorten with increasing distances from the 
finger tip, there was no statistical difference among them (p>0.05). However, this trend may reflect a shorter 
conduction distance from the point of stimulation to the somatosensory cortex. Similarly, the amplitude of the 
M50 showed no statistical difference across the stimulation points. 

The 3-D localizations estimated from the SEFs were superimposed onto coronal sagittal and axial slices 
of the MRI. The ECD locations for M50 for stimulation of different locations were clustered in a small area of 
the postcentral gyrus. Although the ECD for the finger tip stimulation was located deeper than those for more 
proximal stimulations, there was no systematic arrangement for stimulation of the proximal locations. Source 
localization, moment (Q), goodness of fit and 95%-confidence volume of the M50 sources for different site 
stimulations are summarized in Table 1. The 95%-confidence volume and the goodness of fit of the dipoles for 
stimulation of the most proximal locations on the palm (5 and 6) were relatively large as compared with those 
for stimulation of more distal locations. Excluding the data for these 2 locations, it became apparent that the 
dipole location in z axis was most caudal for the finger tip and was shifted toward the vertex with more proximal 
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locations. Similarly, the absolute distance (D) from the center of the coordinate system was the deepest for the 
finger tip stimulation. 

Although, these differences in dipole location did not reach statistical significance, there was a trend for 
deeper dipole locations for the distal segment of the index finger. The dipole strength for the finger tip 
stimulation was the strongest as compared with more proximal locations, although this was not statistically 
significant. 




Fig. 3 Enlarged SEFs from the left anterior parietal cortex with the highest amplitude. The SEF traces for 
stimulation of different locations are illustrated by different lines; solid for location 1, dotted for location 2, and interrupted 
for locations 3, 4, 5 and 6 with an increasing gap. 

Table 1 


Mean (± S.D.) localization, moment (Q), goodness of fit (GOF) and 95%-confidence 
volume (95%-CV) for the sources of M50 


Stimulus 
location x 

Coordinate(mm) 

y z 

D 

Q(nA-m) 

GOF(%) 

95%-CV(mm 3 ) 

1 

-40.9±7.6 

18.4 ± 8.9 

91.4 ± 4.9 

59.9 ±11.3 

25.1 ±12.7 

95.5 ±3.0 

36.6 ± 31.0 

2 

-43.5 ±7.6 

17.3 ±10.0 

92.3 ±5.3 

61.9 ± 13.8 

23.5 ±12.3 

95.8± 1.0 

32.6±28.1 

3 

-39.9 ±5.5 

19.5 ±6.3 

95.3±3.8 

61.7± 9.3 

21.7 ±4.8 

95.6± 1.8 

32.2 ±20.9 

4 

-38.6 ±5.2 

16.7 ± 5.9 

96.3 ±3.6 

60.8 ± 9.9 

23.3 ±8.9 

96.4 ±2.6 

29.6± 19.4 

5 

-38.5 ±5.1 

18.3±4.7 

94.0 ±3.8 

59.2 ±10.2 

19.7 ± 7.3 

95.0±2.7 

71.1 ±51.7 

6 

-34.4 ±4.0 

19.8±2.4 

91.3±5.8 

57.3 ±14.6 

26.5 ±5.2 

94.8±4.5 

117.1 ± 53.7 


ANOVA 

P>0.05 

D: absolute distance from the center of the coordinate system defined as \Tx 2 +y 2 +z 2 
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Discussion and conclusions 

The M50 dipoles for stimulation of the distal segment of the finger were located caudal and deeper than 
those for stimulation of more proximal locations, although there was no statistical significance. The 
interpretation of the negative finding cannot be unique. First, contrary to the well-defined distal-proximal 
somatotopy in the hand area of simian SI cortex, such orderly representations may be absent or less distinct in 
humans. Second, it is possible that the spatial separation of sources in the distal-proximal somatotopy is beyond 
the resolving capacity of MEG. 

Although the signal strength of the M50 dipoles tended to be greater for stimulation of the finger tip, it 
was not statistically significant. This finding was unexpected because the reported relative densities of all 
cutaneous units are 4.9, 1.6 and 1.0 for the finger tip, the main part of the finger and the palm [4]. However, 
assuming that only PC units are activated by 200 Hz stimulation, it is essentially in agreement with the single 
unit data that PC units are evenly distributed over the entire glabrous skin area [4,5], 
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Introduction 

Mapping of somatosensory systems with high spatio-temporal resolution may contribute to the further 
understanding of the human sensory processing. Synthetic aperturemagnetometory (SAM) is a statistical spatial filtering 
method using an adaptive beamformer, analogous to that used for achieving high selectivity from radio antenna arrays and 
gives three-dimensional time-evolving source imaging with high spatio-temporal resolution [1][2]. 

In this study , somatosensory evoked magnetic fields (SEF) to electrical stimulation was examined using a 
neuromagnetometor in normal subjects. Spatio-temporal patterns of SEFs were analyzed with SAM. The results were 
compared with the conventional dipole modeling. 


Materials and Methods 

Six healthy right-handed male subjects were examined Constant current square-wave pulses were delivered 
transcutancously to the right median nerve at the wrist 100 times. The stimulus interv al was random. MEG signals were 
measured using a whole-head 64-channel neuromagnetometor (Whole-HeadSquid System Model 100, CTF Systems Inc., 
Canada). They were digitized at a sampling rate of 1250 Hz and filtered with a 400Hz on-line low pass filter. Data acquisition 
window was 1200 ms and pre-stimuli interv al was 600 ms. 

Dipole modeling 

.After elimination of artifact-contaminated trials, the data were passed through a 150 Hz off-line law pass filter and 
averaged. The pretrigger 100 ms w ere used for DC offset. When the isofield map demonstrated typical two dipole pattern, 
two dipole model was used for equivalent current source estimation. Otherwise, one dipole model was used. The locations 
of dipoles was calculated according to a least-square fitting algorithm[3J. 

SAM analysis 

Matrix of v oxels within ROI was arranged as a sensor array. ROI (16 x 16 x 10 cm) was set to cover the whole 
cerebrum with 2.5 mm resolution. The noise and cov ariance of the signal in each voxel was calculated The results were 
displayed as arbitrarily-sectioned time-evolving image (SAMmov ic). 
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Results 


Short latency components 

Within 60 ms after the stimulus, typical early deflections, N20m, P38m, P54m were consistently identified from the 
filtered and averaged MEG waveforms (Fig. la). For these eariy deflections, equivalent current dipoles (ECDs) were 
consistently localized in the hand area of the contralateral primary sensory cortex (SI). SAMmovie demonstrated the peak of 
source activities in the hand area of contralateral SI corresponding to all of these identified deflections. In 3 of 6 subjects, 
SAN Imovie revealed the additional peak of source activity at26 ms in contralateral SI. Localization of the source by SAM 
was consistent with that of dipole modeling (Fig. Ic). 



Fig. 1 : SEFs waveforms identified the deflection at 37 ms (a). Isomagnetic field corresponding to the deflection at 37 ms 
(b). Comparison between ECD and SAM at 37 ms (c). Dark area shows the dstribution of source activity more than 16 
nAm estimated by SAM analysis. 


Late latency components 

Later than 60 ms after thestimulus, deflections obtained from the filtered and averaged MEG waveforms variedfrom 
one subject to another. ECDs were satisfactorily fitted corresponding to about half of these deflections. SAMmovie 
demonstrated the source activities corresponding to all of these ECDs. WTiile in 5 subjects ECDs were fitted in the 
contralateral second somatosensory cortex (SII) within the fitting error of 20 %, SAMmovie demonstrated contralateral SII 
sources in all subjects. Ipsilateral SII sources were identified in 2 by dipole modeling whereas by SAM analysis they were 
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identified in 5 (Fig.3c). Contralateral posterior parietal cortex (PPC) sources were identified in 3 by SAM analysis in spite 
of 2 by dipole modeling. Moreover, SAMmovie demonstrated simultaneous multifocal source activities while dipole 
modeling could not explain it within satisfactory fitting error because of the complex distribution of magnetic field (Fig.3c). 


a 


fT 



Fig. 2: The source activity at 237 ms in contralateral SII. a: The deflection at 237 ms was obscure, b: Isomagnetic field 
corresponding the deflection at 237 ms. c: SAM analysis demonstrated the peak of the source activity at 237 ms inipsilatcral 
SII although no ECDs were fitted at 237 ms within satisfactory fitting error. Dark area shows the distribution of the source 
activity more than 20 nAm. 

Discussion 

Both dipole modeling andSAM analysis showed the typical early source activities in the contralateral SI within 60 
ms after the stimulus. The localization and latency were consistent between the two method Later than 60 ms, however, 
ECDs were not obtained consistently within satisfactory error because of the complex pattern of the magnetic field, w hile 
SAM analysis revealed simultaneous multifocal activation in the bilateral SII and contralateral PPC. Several ECoG and 
ECD studies suggested these area were activated in late latency after electrical stimulation[4][5]. 

The present study suggests SAM analysis visualizes the brain activity with higher spatio-temporal resolution 
compared to dipole modeling. 
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Fig. 3: The source activity at 109 ms in contralateral SI. a: SEFs waveforms identified the deflection at 109 ms. b: 
Isomagnctic field corresponding to the deflection at 109 ms. c: Multifocal source activity estimated by SAM analysis at 109 
ms. Dark area shows the dstribution of the source activity more than 12 nAm. Dipole modeling could not explain the 
deflection at 109 ms within satisfactory fitting error. 
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Introduction 

This experiment investigates the human MEG during rhythmic extension and flexion of the index finger 
in coordination with a constant-rate periodic auditory stimulus. Previous experiments on rhythmic finger 
movements [1, 2, 3, 4] have revealed a sensorimotor MEG component that recurs twice in each movement 
cycle. The purpose of the present research is to investigate the source(s) of this component, and to examine 
the hypothesis that this component is at least partially the result of the alternating flexion and extension 
phases of the movement cycle. 

In contrast to early studies describing movement evoked magnetic fields (MEFs) [5, 6] and auditory 
evoked magnetic fields (AEFs) [7], the experimental procedure used here is relatively complex, involving both 
a periodic tone stimulus with a short (.5-1 sec) ISI, and a bi-phasic movement response. Single dipole source 
modeling is not adequate to describe the complex, overlapping field patterns produced by the brain in such 
a situation. Here, a distributed dipole source model derived from MRI data [8], is used to reconstruct the 
dynamics of the sensorimotor and auditory corticies. 

Methods 

Task. There were two task conditions, Combined and Alternating. In both conditions, the subject 
was required to synchronize right index-finger flexion or extension with a periodic rate (1 or 2 Hz) auditory 
metronome. In the Combined task, the subject was required to produce a flexion response for every beat of 
the metronome, implying an additional extension movement between beats. In the Alternating condition, the 
subject was required to produce a flexion on one beat, and then an extension on the next beat, and so on for 
the rest of the trial. Each condition consisted of 5 trials of 30 metronome stimuli each, with a 7 second pause 
between trials and a warning tone 3 seconds before the first stimulus of each trial. 

Movement was recorded with a pressure sensitive pad that did not move or have any noticeable travel, 
so the subject was further instructed to keep his or her index-finger as close as possible to the pressure sensor 
at all times, to minimize flexion-onset delay. 

Apparatus. A computer generated an 80 msec, 1 kHz square-wave tone for use as the metronome 
stimulus, and a simultaneous 80 msec digital trigger signal through its parallel port used as a marker for 
averaging. The acoustic stimuli were presented to the subject binaurally through pneumatic headphones 
driven by small speakers placed at the ends of plastic tubes 4.5 m in length (corresponding to a propagation 
delay of about 13 msec). Right index finger taps were recorded by a pressure sensitive pad connected to a 
custom built amplifier circuit that produced a voltage proportional to the applied pressure. 

The MEG sensor array (CTF Systems, Inc.) consisted of 64 first-order SQuID gradiometers (5 cm 
baseline) uniformly distributed over both hemispheres and operating in a shielded environment. Third gradient 
response was calculated by DSP firmware using a system of reference coils. The subject’s head position within 
the sensor was recorded using positioning coils placed on fiducial points (nasion and both preauricular points). 

The MEG channels, metronome marker, and pressure sensor were digitized in the continuous mode at a 
sampling rate of 250 Hz. The MEG channels were conditioned with a 40 Hz low-pass DSP filter and appropriate 
line-frequency notch filters. The MEG channels were further digitally filtered off-line with a high-pass filter 3 
dB down approximately .5 Hz below the movement frequency. In some cases the 3 dB frequency was increased 
to reduce the effect of rhythmic head movement, which is not uncommon during a rhythmic tapping task. 

Whole head MRI images (256 x 256 x 120, 1 mm x 1 mm x 1.5 mm voxels) were obtained using a 
Tl-weighted, 1 Tesla MRI system (Siemens). Vitamin E capsules were placed on the same fiducial points that 
were used during MEG recording to link the MEG and MRI coordinate systems. 

Data Analysis. Movement onset times were determined by smoothing the pressure data with a moving 
average and calculating its velocity, which was then compared with an empirically determined threshold to 
locate movement onset as the first large positive velocity in each cycle. All responses were examined by eye for 
accuracy of onset location and for removal of artifacts. The relative phase (<£) of each response was calculated 
from the position in time of movement onset within the metronome cycle containing that response. This was 
translated into the interval -180° to 180°, with 0° denoting the phase of the metronome beep. 
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All MEG data were inspected visually for artifacts. Each artifact was replaced with a linear interpolation 
between the endpoints of the artifact segment in each MEG channel, prior to digital high-pass filtering. 

Within each condition, stimulus-onset averages (SOA) were calculated by averaging across all cycles of 
all trials in that condition, lined up on the metronome onset. Similarly, flexion-onset average cycles (FOA) 
were prepared for both conditions. Note that the Alternating condition had only half as many flexion responses 
as the Combined condition. In all averages, the time base was placed in the center of a window two cycles 
wide. 


MEG field peaks were selected from the appropriate (SOA or FOA) averages to obtain representative 
AEF and MEF field patterns. The main AEF peak is the Nlm, and occurs about 100 msec after the auditory 
stimulus [7]. The main MEF peak is the MEFI, and occurs about 100 msec after EMG onset [5, 6]. The MEF 
pattern chosen here occurred about 40 msec after movement onset. 

Distributed dipole models were constructed for the AEF and MEF field patterns as follows. The MRI 
data were used to prepare 3D reconstructions of the right auditory cortex and the left sensorimotor area [8]. 
Current dipoles were then placed randomly on each cortical surface, and perpendicular to it. For each field 
pattern, a Backus-Gilbert (BG) [9] inverse was calculated using the Weighted Resolution Optimization method 

[10] , for a set of sensors restricted to the main dipolar feature of each evoked field and with the appropriate 
cortical model. This resulted in a set of amplitudes for the model dipoles. The model AEF and MEF are then 
the forward solutions for these dipoles calculated over the whole sensor array. Forward magnetic fields were 

(S-L) xN 

calculated with the simple Biot-Savart formula: -=— Q, where S is the SQuID sensor location, N is 

||S-L|| 3 

its (normalized) orientation vector, L is the dipole location and Q is the dipole moment. 

Assuming a fixed dipole model, its dynamics were generated by projecting the SOA and FOA timeseries 
onto the model AEF and MEF using a dual-basis projection (DBP), also known as signal-space projection 

[11] : if V is the matrix with the model AEF and MEF as column vectors, then the rows of the pseudo-in verse 


[V T V] 1 V T are the dual-basis vectors. Projection into the dual-basis yields linearly independent timeseries 
for each field pattern, so that a reconstruction of the original signal may be written as a sum of the activities of 
the different field patterns, plus any residual activity not accounted for by those patterns. The DBP operation 
can be thought of as a spatial filtering technique, where each field pattern isolates the activity of a particular 
field generator. 


Results 

Behavior. Fig. 1 shows the relative phase <f> between the metronome and the subject’s finger as a 
function of time. After an initial transient, synchronized performance was obtained, although variability was 
somewhat larger in the Alternating condition. In another run at 2 Hz, the Alternating flexion mean <f> ± SD 
was —19.01° ± 17.31°, approaching the performance of Combined flexion. Note that subjects normally lead 
the metronome in synchronization tasks. 

Magnetic Fields. The transient cycles observed in Fig. 1 were not included in the averages of the 
magnetic field data, resulting in the following Ns: SOA, Combined, N = 150; FOA, Combined, N = 125; 
SOA, Alternating, N = 150; FOA, Alternating, N = 65. Peaks in the average data at 108 msec (SOA) and 
44 msec (FOA) were selected for BG analysis. Cortical surface models of the right auditory cortex and left 
sensorimotor areas were populated with 507 and 900 unit dipoles respectively. These numbers were determined 
by uniformly and randomly populating the cortical models, running the BG computation, eliminating dipoles 
with weak or opposite polarity, adding more random dipoles, and iterating. The resulting models have a 
relatively higher concentration of dipoles near the major source. In the case of the SOA, a single dipole near 
the center of the model could produce a field which had a mean squared error (MSE) of < 10%, however for 
the rest of this analysis the full distributed model was used, which produced an MSE < 5%. For the FOA, no 
single dipole was an adequate estimator, but a distributed model with an MSE < 9% was obtained. 

The vector angle 0, given by the relation cos0 = (x,y) / ||x|| ||y||, where x and y are field patterns, was 
calculated for the resulting model AEF and MEF; the result was 91.4°, which indicates near orthogonality 
and minimum cross-talk between the DBP timeseries. 

Fig. 2 shows the model field patterns, and the DBP timeseries. The major result is the presence of 
a second MEF peak (arrow) in the Combined condition, and its absence in the Alternating condition. This 
result was also observed at 2 Hz. In earlier studies [1, 2, 3, 4], a similar component was conjectured to be 
part of a self-organized, low-frequency oscillation involved in the coordination of rhythmic behavior [12, 13]. 
Its absence does not eliminate the possibility of such a coordinating influence, however; power at twice the 
stimulus frequency (2w, a signature of additional reproducible activity between flexion events) in the residual 
signal not accounted for by the AEF and MEF fields was only reduced by 54.3% over the left hemisphere and 
by 60% over the whole array. The remaining 2u> power was largely seen over auditory areas, consistent with 
earlier data [4], and may reflect part of a coordinating influence from the auditory system. 
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Fig. 1. The relative phase <j) between the subject’s right index-finger and the metronome as a 
function of time, starting from the 3 second warning (5 trials superimposed). The metronome 
rate was 1 Hz. A) shows the Combined condition (solid dot = flexion onset) and B) shows the 
Alternating condition (solid dot = flexion onset, open dot = extension onset). The metronome 
beep is at <f> = 0°; negative (f) values indicate that the subject was leading the metronome. Mean 
<t> ± SD were as follows: A) flexion, -17.15° ± 14.72°; B) flexion, -43.16° ± 21.34°; and B) 
extension, -83.10° ± 27.40°. 
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Fig. 2. Isofield contour maps of the model magnetic field patterns (left) used for the DBP 
analysis, and the resulting projected timeseries for both conditions (right). The shaded regions 
of the isofield maps indicate regions of inward magnetic flux; non-shaded regions, outward flux. 
Small circles indicate the SQuID sensor locations in a polar projection; the nose is indicated by 
a small triangle. Top, AEF; bottom, MEF. On the right, model AEF and MEF DBP projections 
of the SOA (top row) and FOA (bottom row) are shown for both conditions. The rightmost 
pair of graphs show an average flexion cycle from the Alternating condition (“Flexion only”), 
the left pair shows an average cycle from the Combined condition (“Flexion-extension”). In each 
case, the vertical dashed line marks the time base of the average. The dotted line in each MEF 
graph (lower row) is the average pressure signal from the subject’s right index-finger. In the 
AEF graphs (upper row) the vertical dashed line is positioned at the average location of the 
metronome, relative to the flexion onset shown in the lower graph. The shaded bars show ±1 SD. 
The numbers in the upper right corner of each graph give the fraction of the total power in the 
average accounted for by the projection. The arrow marks the MEF resulting from the extension 
phase of the movement in the Combined condition; it is absent in the Alternating condition. 
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Discussion 

We identified a component of the sensorimotor MEF during a bi-phasic rhythmic tapping task as being 
associated with the extension phase of movement. This result is important for theoretical models that seek 
to identify brain mechanisms of coordination, as it eliminates a major source of confounding activity in 
such experiments. In addition, the methodology employed here makes it possible to separate auditory and 
sensorimotor influences, which will aid in the future identification of regular components within the stimulus 
cycle that may influence coordination. 

By using MRI data and a Backus-Gilbert inverse, we were able to construct a distributed dipole model 
of the right auditory area. This allowed us to create a model AEF on the right side only, for use in DBP 
analysis. Normal AEF field patterns are bilateral, and overlap significantly with the sensorimotor fields from 
right-sided movements, which reduces their utility as spatial filters. 

At the stimulus rate of 1 Hz shown in Figs. I and 2, synchronization was actually fairly poor. This caused 
a smearing of the auditory signal in the FOA, and reduced the amplitude of any auditory 2w components. In 
the 2 Hz data, where synchronization was better, there is evidence that a late AEF component (350 msec) was 
correlated with the subsequent flexion. Perturbations to a steady rhythm are known to cause AEF mismatch 
responses, implying the existence of a memory trace coding for the previous ISI [14]. It is possible that a 
coordinating influence from the auditory system is present within the stimulus cycle; this idea is the subject 
of a future investigation. 

By holding the DBP spatial filters constant throughout the cycle, we are focusing attention on specific 
neuronal ensembles represented by the distributed dipole models. It is unlikely that these ensembles remain 
fixed during the cycle, and further work is required to track the magnetic source activity spatially, as well as 
temporally. 
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Introduction 

Neuromagnetic finding of pre- and post-central sources of somatosensory evoked responses was reported by 
Kawamura et. al. [1] for a large number of subjects using electric median nerve stimulus. It was suggested that one pos¬ 
sible explanation for the pre-central source was that the passive hand movement excited neurons in the hand motor cortex 
[1]. This was based on the fact that the current intensity of the stimulus was set to a level so that obvious thumb twitching 
was observed. In this study, we applied electric stimulus to index fingers. Due to the nature of the muscle structure of the 
index fingers, no passive muscle moment was observed for the electric stimulus. MEG data were collected for the index 
finger somatosensory evoked responses. The goal of this study was to examine the passive muscle movement assumption 
for the pre-central sources through examining the existence of the pre-central sources for the index finger somatosensory 
responses. The data analyses technique that we used was different from the single dipole peak latency fit used in [IJ. 
Instead, spatio-temporal multiple dipole analyses were performed to localize the underlying sources of the early 
responses (17-35ms interval poststimulus). The inverse technique that we adopted is Recursive Multiple Signal Classifi¬ 
cation (R-MUSIC), an MEG/EEG inverse method newly developed by Mosher and Leahy [2]. The fitted dipole locations 
were then super-imposed on the MR images of the subjects. For comparison, we also repeated the experiments on 
median nerve responses as it was performed in [1]. 

Methods 

Evoked responses from three normal human subjects were recorded by applying electrical stimulus to the median 
nerve and index finger on both right and left hands. The electric stimulus consisted of a square wave of 0.2 ms duration 
with repetition rate of 2 Hz. The picker/Neuromag 122-channel whole head MEG system was used to collect 400 ms 
post-stimulus responses with a 100 ms pre-stimulus interval for baseline adjustment. For the median nerve tests, the elec¬ 
tric stimulus was adjusted until clear thumb twitches were observed. For the index finger tests, the stimulus was set to be 
below the pain threshold of the subjects, no finger movement was observed. The sampling frequency of the MEG record¬ 
ing was 1000 Hz. The data was run through a band-pass filter with 0.1-300 Hz pass band. 

The filtered MEG data were then analyzed using R-MUSIC developed by Mosher and Leahy [2]. Like the classi¬ 
cal MUSIC algorithm, a signal subspace is estimated from the data using singular value decomposition (SVD). The algo¬ 
rithm then scan a 3-D head volume using a single dipole model and computes projections onto the signal subspace. In the 
classical MUSIC, the user had to search the head volume for multiple local peaks in the projection metric. This procedure 
is often time consuming and subjective. In R-MUSIC, however, the local peaks associated with the sources are automat¬ 
ically extracted through a recursive use of the subspace projections. Another feature in R-MUSIC is that, unlike the clas¬ 
sical MUSIC, the new algorithm can handle synchronous sources through the use of spatio-temporal independent 
topographies [2]. The forward head model that we used was a single spherical model that fitted the inner-most skull sur¬ 
face with a sphere. The intervals (17-35ms poststimulus) containing the first two peaks of the early responses were ana¬ 
lyzed. The best fitting dipoles obtained from R-MUSIC were later super-imposed on the MR images of the subjects. The 
MRI scans were collected on a Picker 0.27 T Outlook scanner. 
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Fig. 1. Pre- and post-central sulcal sources for right median nerve stimulus, (a) (b) (c) are the MEG 
localized dipole locations, super-imposed on the subjects’s MRI. (d) shows the MEG waveforms. 




Fig. 2. Pre- and post-central sulcal sources for left median nerve stimulus, (a) (b) (c) are the MEG local¬ 
ized dipole locations, super-imposed on the subjects’s MRI. (d) shows the MEG waveforms. 
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Fig. 3. Pre- and post-central sulcal sources for right index finger stimulus, (a) (b) (c) are the MEG local¬ 
ized dipole locations, super-imposed on the subjects’s MRI. (d) shows the MEG waveforms. 



Fig. 4. Pre- and post-central sulcal sources for left index finger stimulus, (a) (b) (c) are the MEG local¬ 
ized dipole locations, super-imposed on the subjects’s MRI. (d) shows the MEG waveforms. 
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Results 


The intervals (17-35ms poststimulus) containing the first two peaks of the early responses were analyzed. The 
SVD plot revealed two asynchronous activities. Fig. 1 shows the pre- and post-central sulcal sources localized from right 
median nerve responses. Radiology convention was adopted in the MR images, so right hemisphere was shown on the 
left and left hemisphere was on the right. Similar pattern can be seen in Fig. 2 for the pre- and post-central sources local¬ 
ized using the left median nerve responses. These results were consistent with previous findings reported in [1]. Fig. 3 
and 4 reveal the pre- and post-central sulcal sources that we found in the right and left index finger somatosensory 
responses. In addition to the dipole locations, we also showed the corresponding time courses that we obtained during the 
spatio-temporal dipole fit (Fig. 5). For both left and right sides, we can clearly see 3-4 ms delay at the peak latencies of 
the post-central sources for the index finger responses compared with the median nerve responses. The peaks of the pre¬ 
central sources for the index fingers (left and right) are narrower than those of the median nerve responses. 


Left index finger 


Right index finger 




Right median nerve 




Fig. 5. Time courses obtained from the index finger and median nerve somatosensory responses. The 
solid and dashed lines are the time courses for the post- and pre-central sulcal sources, respectively. 


Conclusion 

Pre- and post-central sulcal sources were found in the early somatosensory evoked responses using median nerve 
and index finger stimuli. The persistence of the pre-central source in the index finger tests indicates that the pre-central 
sources in the somatosensory evoked responses is not likely to be due to passive muscle movement. 
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Introduction 

Magnetoencephalography (MEG) allows high resolution imaging of brain function in space and time, whereas 
functional magnetic resonance imaging (fMRI) provides high resolution imaging of multiple and/or extensive brain 
activity. We studied a patient with large congenital brain cysts to evaluate residual or compensatory brain functions 
using MEG and fMRI. 


Methods 

The subject was a 24-year-old female. MRI showed large cysts in the left hemisphere and in the right temporal 
lobe. The cortex and subcortex of the left hemisphere were abnormally thin, measuring about 5 mm at the thinnest area. 
The cystic lesions communicated with the lateral ventricles. She had had right hemiparesis since birth, but she could 
walk by herself and suffered only mild inconvenience in daily life. There were no signs of increased intracranial 
pressure. No mental retardation was no.ted 

Somatosensory evoked fields (SEFs) were recorded in a magnetically shielded room using a 122-channel whole- 
head MEG system (Neuromag-122, Neuromag Ltd.). The relative location of the subject's head was determined by 
reference coils attached to the scalp fiducial points. The MEG signals were filtered from 0.03 to 300 Hz and digitized at 
1270 Hz, and the responses were averaged over 200 stimulus presentations. Latency and amplitude were measured from 
the data after digital high-pass filtering at 20 Hz. The first peak about 20 ms after median nerve stimulation was 
identified as N20m, and the dipole was estimated by using an equivalent current dipole model at the peak latency. The 
calculated dipole positions were superimposed on 3D-MRI of the subject. 

fMRI was performed with a 1.5 Tesla MRI scanner (Signa Horizon, GE Medical Systems) using the T1-weighted 
inversion recovery echo planar imaging sequence, and axial slices including the anatomical sensorimotor area, using 
gradient-echo type planar imaging with repetition time of 20 ms, field of view of 24 by 24 cm, matrix of 128 by 128 
and slice thickness of 10 mm. Functional images were obtained with repetition time of 3000 ms and echo time of 60 
ms. The patient's head was fixed using tapes, airmat and neck collar. The patient was instructed to repeat grasping and 
resting of the unilateral hand for 30 seconds each. The images during the first nine seconds of each task and resting 
period were excluded from the analysis. The activated area was delineated by post-precession of the images using the 
cross-correlation method. 


Results 

Normal SEFs due to left median nerve stimulation were recorded in the unaffected hemisphere. The N20m peak 
occurred at 19.8 ms after the stimulation (Fig. 1 A). In contrast, SEFs due to right median nerve stimulation recorded in 
the affected left hemisphere had a reduced amplitude and mild prolongation of the response. The N20m peak occurred 
at 21.1 ms (Fig. IB). The contour maps of the N20m activities are shown in Fig. 1. The equivalent current dipoles of 
the N20m were superimposed on the 3D-MRI (Fig. 2). The dipole of the N20m due to left median nerve stimulation 
was calculated using all 122 channels, and was located in the primary sensory cortex on the posterior bank of the 
anatomical central sulcus. The orientation was medial and superior as usually found in normal subjects. The dipole of 
the N20m due to right nerve stimulation was calculated using about 40 channels over the left hemisphere. The N20m 
dipole was estimated in the extremely thin cortex on the posterior bank of a sulcus, which was considered to be the 
central sulcus. The orientation of the dipole of the N20m peak due to right median nerve stimulation was abnormally 
lateral and inferior. 
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fMRI during left hand grasping showed normal contralateral activation around the central sulcus. During right 
hand grasping, involuntary movement of the left hand was also observed. Bilateral activation was observed around the 
central sulcus as identified by SEFs. 




Fig.l 

SEFs due to left (A) and right (B) median nerve stimulation. The contour maps of the N20m peak show a clear 
single dipole pattern during both left and right median nerve stimulation. Note the reduced amplitude and mild 
prolongation of the N20m in the left hemisphere. 
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Fig-2 

Equivalent current dipoles of the 
N20m due to median nerve 
stimulation superimposed on MR 
images. Dipole positions (circles) of 
the N20m activity are located on the 
posterior bank of the central sulcus 
(arrows) bilaterally. Sticks indicate 
the orientation of the N20m dipole. 
Note the lateral and inferior 
orientation of the left hemispheric 
dipole. 


Lt hand 
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Fig-3 

fMRl during left and right hand grasping. Contralateral activation was found during the left hand grasping. 
However, bilateral activation was observed during right hand grasping. Arrows indicate the central sulcus identified by 
SEFs. 
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Discussion 


Although our patient had extremely large brain cysts, she showed only mild right hemiparesis. SEFs due to right 
median nerve stimulation clearly indicated a small and slightly delayed N20m peak. This result suggests that residual 
function was present in the thin cortex and subcortex. Equivalent current dipole of the N20m was located on the 
posterior bank of a sulcus in the left hemisphere, and showed lateral and inferior orientation. This unusual orientation 
resulted from the flattened gyrus due to the large cyst. 

fMRI indicated bilateral activation around the central sulcus during the task of right hand grasping. Involuntary 
movement of the left hand was observed during right hand grasping, indicating that the unaffected hemisphere provided 
compensatory functions as well. F p 

A patient with hydrocephalus who showed normal pattern of auditory evoked fields was previously reported HI 
Two patients with cystic glioma in whom delayed NIOOm latency was found in a thin cortex due to the cyst were also 
described [2], The present case indicates that residual activities can exist even in such thin cortex. 
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Introduction 

Although previous investigations [2, 3] have attempted to clarify the role of muscle afferent fibers in 
somatosensory evoked potentials (SEPs) following motor point electrical stimulation, these studies focused only 
on the early cortical N20 component and little attention has been given to the later components. However, in our 
study of SEPs elicited by selective motor point stimulation using a needle electrode [6], the most remarkable 
difference between the SEPs by motor point stimulation and those of conventional median nerve SEPs was in the 
later component. That is, in the motor point SEPs, a large positive component with a latency of about 70 ms 
(P70) was detected although it was not observed in the median nerve SEPs. The P70 was recorded from the hand 
somatosensory area contralateral to the stimulation side. However, we could not localize the generator of the P70. 
The aim of the present study was to localize the generator of P70 evoked by the motor point stimulation using 
magnetoencephalography (MEG) and to compare this location with that for N20 component of median nerve 
somatosensory evoked magnetic fields (SEFs). 

Methods 

Seven healthy laboratory staff members and students (male: 6, female: 1; 19 - 35 yr) participated in the study 
after giving their informed consent. 

Motor point stimulation (Fig. la (1)) 

The motor point of the left abductor pollicis brevis 
muscle (APB) was stimulated electrically (square- 
wave pulse, duration: 0.2 ms, inter-stimulus interval 
(ISI): 500 ms) using a disposable epoxy-coated 
acupuncture needle (diameter: 0.16 mm) with a non- 
insulated portion 0.2 mm from the needle tip (Fig. lb). 

This electrode was inserted at a site where the 
threshold for evoked contraction with the probe surface 
electrode was lowest, and its position (insertion depth) 
was adjusted to produce a twitch with the lowest 
stimulus intensity. These motor point stimulation 
procedures were performed by a well-trained 
acupuncturist (T.K.). 


(a) 


(b) 
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Fig. 1: (a) Schematic illustration of stimulation 
site. 1: motor point of abductor pollicis brevis 
muscle; 2: median nerve at the wrist (mixed 
median nerve); 3: 2nd finger (cutaneous afferent 
fibers of the median nerve) (b) Schematic 
illustration of the insulated acupuncture needle 
electrode. 
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Transcutaneous nerve stimulation (Fig. la (2), (3)) 

As a control for the motor point stimulation, the mixed median nerve at the wrist or cutaneous afferent Fibers 
of the index finger were subjected to transcutaneous nerve stimulation (square-wave pulse, duration: 0.2 ms, ISl: 
500 ms) using a pair of disc or ring electrodes, respectively. 

Measurement and analysis of SEFs 

SEFs were measured with a 37-channel biomagnetometer (Magnes, BTi). The detection coils of the 
biomagnetometer were arranged in a uniformly distributed array in concentric circles over a spherically concave 
surface. The device was 144 mm in diameter and its radius of curvature was 122 mm. The outer coils were 72.5 
degrees apart. Each coil was connected to a superconducting quantum interference device (SQUID). The 
measurement matrix was centered at C3 of the international 10-20 system, which covered the left hemisphere 
including primary somatosensory area. Responses were filtered with a 1 - 300 Hz band-pass filter and digitized 
at a sampling rale of 2048 Hz. The analysis time was 50 ms before and 200 ms after the stimuli, and DC offset 
was done by using the pre-stimulus period as a baseline. 

A spherical model was fitted to the digitized head shape of each subject, and the location and orientation of a 
best-fitted single equivalent current dipole (ECD) were estimated for each point in time. To adopt a strict 
criterion for dipole fitting, only estimates with a correlation and goodness of fit above 0.95 were analyzed. 

Results 

Subjective sensations for motor point stimuli 

The subjective sensation elicited by the motor point stimulation was a sensation of thumb movement. 
Furthermore, in all subjects, the motor point stimuli did not produce any skin sensations (e.g. cutaneous 
paraesthesiae) in sharp contrast with transcutaneous stimuli. The stimulus intensity for the motor point was 0.61 
±0.09 mA (mean ±SD). 

Waveforms of SEFs by motor point stimulation (Fig. 2) 

SEFs by mixed median nerve or cutaneous afferent fibers of the median nerve had 5 components (M20, M30, 
M40, and M50). On the other hand, the response pattern of the SEFs by motor point stimulation was remarkably 
different from that of SEFs evoked by the stimulation of the mixed median nerve or cutaneous afferent fibers of 
the median nerve. In motor point SEFs, M20 (N20m) component reproducibly evoked by mixed median nerve or 
cutaneous afferent fibers of the median nerve was not observed, and the most prominent component was 
observed with a latency of about 70 ms (M70). 

ECD of M70 by motor point stimulation 

The mean ECD of M70 by motor point stimulation was located 10.8 ±5.9 mm anterior, 38.4 y 10.5 mm lateral 
to the left, and 91.8 ± 0.70mm superior from the center of the spherical model. Those locations were 
approximately 4.0 mm posterior, 6.2 mm medial, and 2.4 mm inferior from the ECD of M20 by stimulation of 
the cutaneous afferent fiber of the median nerve (Fig. 3). 
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Fig. 2: Waveforms of SEFs by motor point stimulation (1st trace) were remarkably different 
from vSEPs on stimulation of cither the mixed (3rd trace) or cutaneous afferent Fibers (2nd 
finger, 2nd trace) of the median nerve. 

Discussion 

The waveforms of motor point SEFs 

In the present study, we measured the SEFs by motor point stimulation and observed the main magnetic 
component M70. Furthermore, earlier components including M20 (N20m) were absent. 

This characteristic of neuromagnctic response was consistent with our results of the electrical recordings [6]. 
Recent studies [4, 5, 7] have revealed that N20 potential evoked by the median nerve stimulation is mainly 
caused by inputs from cutaneous afferent Fibers. 

Gandevia et al. [2, 3] reported that the N20 component could be detected with a scalp electrode following 
motor point stimulation of the APB. However, this potential was extremely small as compared with that 
evoked by mixed or cutaneous afferent Fibers of median nerve stimulation. As Kunesch et al. [7] pointed out, the 
possibility still remains that the stimulus intensity Gandevia et al. delivered (2-5 mA) [3] was too high to 
stimulate the muscle afferent Fibers selectively and it can not be denied that cutaneous afferents were also 
elicited. Conversely, it is reasonable to suppose that the lack of M20 (N20m) component in our SEFs implies that 
cutaneous afferent Fibers are not directly activated. 


Cortical generator(s) of the M70 by motor point stimulation 
The ECD of M70 was estimated posterior, medial, and inferior (in other words, posterior and deeper) than that 
of M20 by stimulation of mixed or cutaneous afferent fibers of the median nerve. Since it has been well 
established that the generator of M20 is area 3b of the primary somatosensory cortex (SI) [1], it is likely that 
different source(s) contributes to the M70. 


460 







(cm) 



(cm) 


The area 3a is located deeper than area 3b and 
muscle spindle afferents project to this area in the 
primates [8]. Furthermore, the area 2 is located 
posterior to area 3b and this area also has the 
projection neurons from the muscle afferents [9]. 

In view of the above, we speculate that these 
areas contribute to generate M70. 
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Introduction 

Areas 5 and 7 in the parietal lobe or superior part of the temporal lobe have been considered polysensory. That is, 
some neurons in such areas respond not only to somatosensory stimuli but also to visual and auditory stimulation [1-6]. 
Therefore, in this study we analyzed the effects of continuous visual and auditory stimulation on somatosensory evoked 
magnetic fields (SEFs) following electrical stimulation of the median nerve. We summarized our previous report [7] in 
this paper. 

Methods 

We .studied twelve normal young volunteers.The electric stimulus was delivered to the left median nerve at the wrist 
at a rate of I Hz. The stimulus duration was 0.5 msec, and the intensity was sufficient to produce a definite twitch of the 
thumb. We used two different kinds of visual stimulation; a cartoon as the complex stimulus and random dot motion as 
the simple stimulus. Cartoon was projected on a screen inside the experimental room by a video projector. Random dot 
kinematograms generated by a VSG2/3 graphics board (Cambridge Research Systems) were projected on the same 
screen. For the auditory stimulus,classical piano music from a CD (Chopin: The Waltzes) was used. 

SEFs were measured with dual 37-channel magnetometers (BTi). The center of the probe was placed around the C3 
and C4 positions of the International 10-20 System. Data were filtered with a 0.1-200 Hz bandpass filter, and digitized 
at a sampling rate of 2083.3 Hz. The analysis time was 100 msec before and 400 msec after the stimulus. Vertical and 
horizontal electro-oculograms (EOGs) were used to monitor eye movements. For a strict evaluation, we analyzed only 
the components whose isocontour maps indicated the presence of only one dipole, whose correlation value was over 
0.97, and for which the calculated dipole was located in the cortex. Four different sessions were held. 1. Control session: 
The subject simply looked at the red laser spot at the center of the screen with no other stimulation. 2. Cartoon session: 
The cartoon was shown on the screen while the subject looked at the red laser spot. 3. Dots session: Random dot motion 
was shown on the screen while the subject looked at the red laser spot. 4. Music session: The music was played through 
a speaker while the subject looked at the red laser spot. The SEF was triggered not to the visual or auditory stimulation 
but to the time-locked electrical stimulation to the median nerve. The order of the sessions was random, and two series 
of four sessions each were done. Two hundred trials were averaged in one session. The maximum values of both ampli¬ 
tude and root mean square (RMS) for each recognizable component around the peak latency were measured. The 
change in the amplitude, RMS and the x, y and z coordinates for each component between the control and each multi¬ 
modal stimulus condition and among the multi-modal stimulus conditions was analyzed using the paired t-test and two- 
way ANOVA. 

Results 

The SEFs following median nerve stimulation in normal subjects have been described previously [15-17], and 
detailed results of SEFs by using our gradiometer have been reported [18-25]. In the present study, in the control 
session, four components were clearly identified in all subjects from the hemisphere contralateral to the stimulation. 
The latencies of these components were about 16-20 ms (1M), 20-30 ms (2M), 35-45 ms (3M) and 45-60 ms (4M). In 
the ipsilateral hemisphere, a large component-MI (magnetic fields in the ipsilateral hemisphere), was recorded in 7 of 
the 12 subjects, and was being 70-100 msec in latency. In the multi-modal stimulus conditions, results firstly were ana¬ 
lyzed using the paired t-test. In the contralateral hemisphere, the 1M and the 2M were not significantly changed in terms 
of latency, amplitude, RMS or location between the control and each multi-modal stimulus condition or among multi¬ 
modal stimulus conditions. Regarding the 3M, there was a clear enhancement of both amplitude (P<0.02) and RMS (P 
<0.05) in the cartoon session as compared with the control session. In the dots session, the 3M amplitude (P<0.05) and 
RMS (P<0.02) were also significantly enhanced. In the music session, two subjects showed a remarkable enhancement 
of both amplitude and RMS but the others did not, and no significant change was identified. Among the three multi¬ 
modal stimulus conditions, the amplitude of the 3M in the dots session was significantly larger than that in the music 
session (P<0.01). Regarding the 4M, it was clearly enhanced in the cartoon session in both amplitude (P<0.01) and 
RMS (P<0.001), but was not significantly changed in the dots or music sessions as compared with the control session. 
Among the multi-modal stimulus conditions, there was also a significant enhancement of both amplitude (P<0.05) and 
RMS (P<0.05) in the cartoon session in comparison with the music session (Table 1 ,Fig. 1). 
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Results were also analyzed using the two-way ANOVA. Regarding the 3M, there was a significant effect of multi¬ 
modal stimulation on amplitude (P<0.02) and RMS (P<0.05). Compared with the control session, there was a clear 
enhancement of both amplitude (P<0.0I) and RMS (P<0.02) of the 3M in the cartoon session. In the dots session, the 
3M amplitude (P<0.01) and RMS (P<0.01) were also significantly enhanced. No significant change was found among 
the three multi-modal stimulus conditions. Regarding the 4M, there was also a significant effect of multi-modal stimu¬ 
lation on amplitude (P<0.05) but not on RMS. Compared with the control session, the 4M amplitude was clearly 
enhanced in the cartoon session (P<0.02), but was not significantly changed in the dots or music sessions. Among the 
multi-modal stimulus conditions, there was a significant enhancement of amplitude in the cartoon session in compari¬ 
son with the dots session (P<0.02) and the music session (P<0.02).The ECDs of all 4 components in the control session 
as well as each multi-modal stimulus condition in all subjects were identified around the hand area of the primary sen¬ 
sory cortex (SI) contralateral to the stimulated median nerve. 

In the ipsilateral hemisphere, the middle-latency component (MI) was attenuated in six out of seven subjects who 
showed a clear MI in three multi-modal stimulus conditions. There was a significant effect of multi-modal stimulation 
on the MI amplitude (P<0.0l) using the two-way ANOVA.This effect was statistically significant between the control 
and the cartoon session (P<0.01 by both paired t-test and ANOVA), between the control and the music session (P<0.02 
by paired t-test and P<0.01 by ANOVA). The ECDs of the MI in the ipsilateral hemisphere were located around the 
secondary sensory cortex (SII), in the control and all three multi-modal stimulus conditions. There was no significant 
change in the x,y or z coordinates between the control and multi-modal stimulus conditions (Table 1, Fig. I). 

Using the two-way ANOVA, it also showed that each multi-modal stimulus condition has different effect degrees on 
magnetic responses in different subjects (P<0.001). 


Left median nerve stimulation 


(a) Contralateral hemisphere (C4) 


(b) Ipsilateral hemisphere (C3) 


Control 

session 


Dots 

session 


Cartoon 

session 



Music 

session 



0 50 100 msec 





Fig. 1. SEFs recorded at the C4 position (contralateral) (a) following stimulation of the left median nerve in 
the control and each multi-modal stimulus condition in subject 11 and at the C3 position (ipsilateral) (b) in 
subject 12. The waveforms of all 37 channels are superimposed. (a)-The middle-latency components (3M 
and 4M) were enhanced in the cartoon and dots sessions. (b)-MI was markedly attenuated in the cartoon 
and music sessions (especially in the cartoon session),but was not changed in the dots session. 
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Table 1. Amplitude and root mean square (RMS) expressed as percentage based on the values of the con¬ 
trol waveform (100%) and the x,y and z coordinates (cm) of ECD of all five components in four sessions. 


Sessions 

Comp. 

Amplitude 

RMS 

X 

y 

z 

Control 

1M 

100 

100 

2.7±1.0 

-4.4±0.6 

9.6±0.6 


2M 

100 

100 

2.9±1.1 

-4.2±0.8 

9.6±0.9 


3M 

100 

100 

2.7±1.0 

-4.2±0.5 

10.0±0.8 


4M 

100 

100 

2.4±1.2 

-4.0±1.1 

9.8±0.8 


MI 

100 

100 

2.3±0.8 

4.8±0.4 

6.4±0.4 

Cartoon 

1M 

97.3±7.4 

97.5±13.3 

2.7±1.0 

-4.4±0.5 

9.7±0.7 


2M 

104.6±12.1 

102.5±9.9 

2.7±1.0 

-4.3±0.7 

9.8±0.6 


3M 

110.6±12.3** 

112.3±20.1* 

2.5±1.0 

-4.1±0.5 

10.0±0.7 


4M 

109.8±9.1*** 

110.3±7.7*** 

2.3±1.1 

-4.1±0.7 

9.8±1.0 


MI 

61.0±27.5*** 

62.1±22.3*** 

2.1±0.8 

4.7±0.3 

6.2±0.5 

Dots 

1M 

96.0±8.8 

99.3±13.3 

2.7±1.1 

-4.2±0.8 

9.6±0.6 


2M 

100.6±9.6 

100.5±9.1 

2.8±1.0 

-4.4±0.7 

9.8±0.6 


3M 

111.6±16.6* 

113.7±17.3** 

2.6±1.0 

-4.2±0.5 

10.0±0.8 


4M 

102.7±11.4 

103.3±17.3 

2.5±1.1 

-4.1±0.9 

9.7±0.9 


MI 

87.9±57.0 

85.9±55.2 

2.3±0.9 

5.0±0.5 

6.5±0.4 

Music 

1M 

95.4±8.6 

95.9± 13.0 

2.8±1.0 

-4.5±0.6 

9.6±0.6 


2M 

99.4±8.0 

98.9± 10.0 

2.7±1.1 

-4.2±0.9 

9.6±0.7 


3M 

105.6± 15.0 

108.6±15.8 

2.5±1.1 

-3.9±0.6 

9.9±0.8 


4M 

103.2± 13.2 

100.8± 10.7 

2.5±1.1 

-4.0±0.9 

9.8±1.0 


MI 

66.3±28.7** 

70.3±29.3* 

2.6±0.7 

5.0±0.7 

6.2±0.6 


Values are shown as mean±standard deviation. The number of subjects is 12 for 1M-4M and 7 for MI. *** 
P<0.01, ** P<0.02, * P<0.05 by paired t-test between control and each multi-modal stimulus condition. 


Discussion 

There was no prior systematic study on the interaction between somatosensory and visual/auditory stimulation in 
humans, but important results in monkeys have been reported [1-6]. There is also some anatomical evidence for path¬ 
ways between areas 5,7 and SI and/or SII in the animals [8-12], In our study,the 3M and 4M components were signifi¬ 
cantly enhanced by visual stimulation, but not by auditory stimulation. One possibility to account for this phenomenon 
is that somatosensory activities in some neurons in areas 5 and/or 7 usually inhibit cortical responses to somatosensory 
stimulation in the SI. When we used somatosensory and visual stimulation simultaneously^ relatively large number of 
polymodal neurons in areas 5 and/or 7 respond to both stimulation, therefore, the inhibitory effects on cortical activities 
in the SI may be reduced, enhancing the middle-latency components. It is also possible that the activities in the poly¬ 
modal neurons in areas 5/7 may simply enhance the activities in the SI. An other possibility is that both somatosensory 
and visual stimulation activated polymodal cells in the SI, even though until now there is no report about this kind of 
cells in the SI in the human cerebral cortex. The last possibility is that the 3M and 4M may be hybrid components of 
activities in area 3b in SI and areas 5 and/or 7, unlike the short-latency components, 1M and 2M. In such a case, 
enhanced activities in areas 5 and/or 7 make their amplitudes larger. 

The effect of the cartoon was almost the same as that of the random dots on the 3M, but it was larger on the 4M. 
Since the cartoon is a more complicated visual stimulation in terms of color, shape, etc. than the random dot, it may 
stimulate a larger number of visual neurons in polysensory areas than do the random dots. This finding is also consistent 
with previous reports that different visual stimuli and different colors do not have equal effects on visual neurons [13, 
14]. 

The marked inhibition of the component generated in the SII of the ipsilateral hemisphere, caused by not only visual 
but also auditory stimulation, was a quite interesting finding. Close attention to visual and auditory stimulation rather 
than the electrical stimulation may account for the present results. Another possibility is that a continuous activation of 
polymodal neurons in the medial superior temporal region (MST) and/or superior temporal sulcus (STS) causes such 
phenomenon, but this hypothesis does not explain the effects of visual stimulation. The last possibility is that the inter¬ 
ference effect might change dipole direction such that the radical components increased and tangential components 
decreased, although dipole direction in each session was similar to each other. 
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Introduction 

As dipole sources derived from somatosensory evoked fields (SEF) are known to reflect the course of 
the central sulcus, they can serve as functional landmarks for planning neurosurgical treatment [4, 5]. In 
the present study, the question was investigated whether the overall measurement time can be reduced by 
stimulating different sites in randomized order rather than investigating them one after the other. 

Methods 

Neuromagnetic measurements were done with a 37 channel first-order gradiometer system (Biomagnetic 
Technologies, San Diego) in a magnetically shielded room. The subjects were comfortably lying on their right 
side. The magnetic field was recorded over the contralateral hemisphere (gradiometer array centered between 
positions C3 and T3). 

Stimuli were presented using balloon diaphragms driven by bursts of compressed air. The diaphragms 
were clipped onto the tips of digits 2 to 5 of the right hand. Two different kinds of experiments were performed: 
In experiment I, only the right index finger was stimulated. Five interstimulus intervals (ISI) were tested 
in successive measurements: 0.5, 1, 2, 4 and 8 s (± 10% variation). The number of recorded epochs varied 
between 1024 and 64 so that for each ISI the total measurement time was about 512 s. In experiment II, the 
digits 2 to 5 were stimulated in randomized order with an ISI of 0.5 and 1 s, respectively (probability p = 0.25 
for each stimulus). Between two stimulations of the same digit at least one stimulation of a different digit was 
interposed so that the effective ISI (average interval between two stimulations of the same digit) was about 
four times the nominal ISI. The number of recorded epochs per digit was 256 and 128, respectively. 

Two independent measurements were performed for each condition. The subjects were asked to maintain 
their position throughout the runs and to pay no attention to the stimuli. To facilitate the observance of the 
latter point, they were watching a video without sound. A total number of eight right-handed subjects (age: 
24-32 years) with no history of neurological or psychiatric disorders was investigated. 

The different measurement conditions were compared by inspecting the root-mean-square (RMS) values 
of the measured fields as well as the moments estimated for the ECD model. For the latter type of analysis 
it was assumed that, in the time interval of interest (30-60 ms), the dipole location does not depend on the 
ISI. Thus, the median coordinates from all measurements of a single subject have been taken to define a fixed 
dipole position. Thereafter, the dipole amplitudes in the latency range from 30-60 ms have been recalculated. 

Results 

Fig. 1 shows SEF waveforms obtained by tactile stimulation of digit 2. The results shown in the upper 
five panels were obtained by stimulating a single site with different ISIs (experiment I), whereas in the bottom 
two panels multiple sites were stimulated in randomized order (experiment II). The figure suggests that the 
amplitude of the early SEF component (latency 30-60 ms), which is assumed to correspond to peak P35m 
in the case of electrical stimulation [3], is determined by the effective ISI, whereas the later peak (maximum 
70-130 ms) appears to be dependent on the nominal ISI. 

Forss et al. [1, 2] have shown that electrical stimulation presented at random ISIs activates sources in 
the contralateral SI cortex as well as in both SII cortices and the posterior parietal cortex (PPC). Additionally, 
they detected a novel response in the latency range 120-160 ms which was generated in the mesial cortex, close 
to the central sulcus. Indications of the complex nature of the later components can be found also in our 
data. On the left of Fig. 2, three of the 37 channels displayed on the right are shown in an enlarged scale. 
At a latency of approximately 132 ms the channels (a) and (b) are almost “silent”, whereas a significant peak 
appears in channel (c). The situation is reversed around 80 ms, where a pronounced peak arises in the first 
two channels, while the third one is almost “silent”. Because our 37-channel measurement device covered only 
part of the relevant field pattern, a source analysis of the later components turned out to be problematic so 
that only the results obtained for the early component will be considered here. 
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Fig. 1: Dependence of the SEF waveform on the stimulation procedure. 

The ISI dependence of the dipole amplitudes estimated for the early SEF component turned out to be 
basically the same for all subjects and could be approximated by the function 

;4(ISI) = a • /(ISI) = a • (1 - exp(-ISI/6)), (1) 

where a and b are constants estimated separately for each subject. In Fig. 3 normalized results from all eight 
subjects are presented (actual amplitudes divided by the asymptotic amplitude a). Results from experiment I 
are represented by the symbols “x”, whereas those from experiment II are indicated by circles. The latter were 
plotted at locations corresponding to the effective ISI, though slightly displaced in order to avoid an overlap 
with the results from experiment I. The figure corroborates the conclusion (Fig. 1) that it is the effective ISI 
which determines the SEF amplitude in the case of randomized stimulation of multiple sites. 
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Fig. 2: Sensor-layout display of an SEF recording (ISI: 4 s) with magnified views of three 
channels. In the latter case, also the curves obtained for the other four ISIs are presented. 



Fig. 3: Normalized dipole amplitudes from all subjects. Amplitudes derived from experiment I 
represented by the symbols V’, those derived from experiment II indicated by circles. The figure 
also shows the graph of the function (1), which was calculated with parameter values representing 
the median of the values obtained for the individual subjects. 

The signal-to-noise ratio (SNR) achievable in a fixed amount of time, T, is 


SNR = — 


VT 4(ISI) 

<r v/is! 


= const ■ 


A(ISI) 
vISI ’ 


( 2 ) 


where o is the standard deviation of the noise in a single epoch and a n = cr/v/n is the standard deviation of 
the noise in the average of n = T /ISI epochs. The graph shown in Fig. 4 suggests that, regarding the SNR 
value, the most efficient ISI is about 1 s. 
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Fig. 4: ISI dependence of signal-to-noise ratio. 


Conclusions 

Tactile stimulation elicits highly reproducible SEF in the latency range from 30-60 ms so that the dipole 
locations derived from these data represent excellent functional landmarks. The total amount of time spent 
for multiple SEF measurements can be considerably reduced by stimulating multiple sites in a randomized 
fashion. 

Regarding the signal-to-noise ratio, stimulation with an effective ISI of 1.0 s has to be considered as the 
most favorable condition. This agrees with findings of Wikstrom et al. [6] who recommend an ISI of about 1 s 
if the primary interest is to find in a given period of time the accurate location of the SI hand area. 

SEF components with latencies greater than 70 ms do not benefit from this type of randomized stim¬ 
ulation as the decisive parameter seems to be the interval between two tactile stimuli, irrespective of the 
stimulation site. 
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Introduction 

Plasticity of the somatosensory area has been observed as a response to increases in input and to loss of 
sensory input [6]. Somatosensory afferentation has resulted in a larger reorganization of the digit sensory area in string 
players [5], whereas somatosensory deafferentation caused extensive reorganization of the face area in patients after upper 
extremity amputation [4, 7, 15]. However, all these observations were made after a long duration of the abnormal 
condition. 

Somatotopic reorganization in patients with intracranial lesions adjacent to the somato-motor area remains 
unclear. Reorganization can occur in such cases over a short period compared with cases of upper extremity amputation. 
Since the anatomical configuration may shift due to the mass effect, accurate localization of the cortical somatotopy is 
difficult. Magnetoencephalography (MEG) provides a noninvasive method for functional brain mapping, with high 
resolutions in both the temporal and spatial dimensions [12]. MEG detection of somatosensory evoked magnetic fields 
(SEFs) can localize the central sulcus on the hand area [8, 11, 12], Preoperative SEF localization has shown shifts of 
the somatosensory area [12, 14]. Somatotopic arrangement of the digit sensory area has also been detected [1, 13]. 
Intraoperative cortical stimulation to localize sensorimotor pathways under awake craniotomy allows maximum 
resection of the tumor and minimization of morbidity within or adjacent to eloquent areas [2, 3, 9, 10]. This method 
provides precise mapping of cortical organization in the hand area. Thus, the combination of intraoperative cortical 
stimulation and postoperative SEFs may allow investigation of the reorganization of cortical somatotopy. 

This study investigated the reorganization of cortical somatotopy after surgery for glioma using intraoperative 
cortical mapping and using a whole head MEG system. 


Methods 

A 68-year-old male patient with a right frontal anaplastic astrocytoma presented with simple partial seizure of 
the left face. The tumor was resected after intraoperative cortical mapping by direct cortical stimulation under awake 
craniotomy [9]. The results of intraoperative cortical mapping were superimposed on magnetic resonance (MR) images 
using a neuronavigation system. The tumor was located in the tongue motor area, so the thumb motor area was 
localized more upwardly than usual. The resection area included the face motor cortex and the lower edge of the thumb 
sensory cortex as well as the adjacent white matter. Left hemiparesis transiently occurred after surgery. 

Postoperative SEFs due to median nerve stimulation were measured 5 weeks after surgery using a whole head 
122ch MEG system. Informed consent was obtained after the experimental procedures were explained. The median nerve 
was stimulated with an electrical square wave of 0.3 ms duration at 2.7 Hz. The MEG signals were filtered from direct 
current to 300 Hz and digitized at 1250 Hz. The resulting data were averaged, based on 200 stimuli, over a 20 ms pre¬ 
stimulus baseline and for 200 ms after stimulation. The patient also underwent three-dimensional MR imaging, with 
three fiduciary markers corresponding to the nasion and preauricular points. After three-dimensional reconstruction, the 
fiduciary points were identified to transform the MR imaging coordinate system to the MEG coordinate system. The 
N20m and P25m responses were used for analysis. Based on the map pattern at each peak latency, the source location 
was estimated using a single current dipole model. The estimated dipole positions were superimposed on the MR 
images. 


Results 

The N20m response had disappeared but later responses were detected in the lesion hemisphere (Fig. 1). The 
P25m response in the lesion side was located superiorly and medially compared to the normal side. The P25m source in 
the lesion side was estimated to be superior to the thumb sensory cortex as indicated by intraoperative cortical 
stimulation, and superior to the N20m source of the contralateral SEFs (Fig. 2). 
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Lt median nerve stimuli 
lesion side 
latency: 27.5 ms 


Rt median nerve stimuli 
normal side 
latency: 19.0ms 


Fig. 1. Somatosensory evoked magnetic fields in a patient with right frontal anaplastic astrocytoma. Isofield map top 
(upper) and lateral (lower) views, indicating a single dipolar (arrow) pattern. Left column shows the P25m response to 
left median nerve stimulation and right column shows the N20m response to right median nerve stimulation. 
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Fig. 2. Axial, coronal and sagittal magnetic resonance images of the hand sensory area in a patient with right frontal 
anaplastic astrocytoma. Upper row shows the right thumb sensory area (cross point of bars) indicated by intraoperative 
direct cortical stimulation under awake craniotomy. Middle row shows the P25m dipoles to left median nerve 
stimulation and lower row shows the N20m dipoles to right median nerve stimulation. Arrows indicate the central 
sulcus. Circles and bars indicate dipole positions and directions, respectively. 
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Discussion 

In this patient, the thumb sensory cortex was localized superior to the N20m source of the contralateral SEFs. 
The N20m dipole of the median nerve SEFs is normally located between the N20m dipole of the thumb and the middle 
finger [ 13]. The hand sensory area of the lesion side had probably reorganized before surgery. 

The position of the P25ni response in the lesion side was superior to the position of the N20m source in the 
normal side. The P25m dipole is localized superiorly and medially compared to the N20m dipole position [8]. However, 
the distance between the N20m dipole and the P25m dipole was only a few millimeters, so both the N20m response and 
the P25m response were apparently near the center of the hand area. In the lesion side, the position of the P25m 
response was superior to the thumb sensory cortex as indicated by intraoperative cortical stimulation. Therefore, the 
hand sensory area of the lesion side was probably reorganized more superiorly after surgery compared to before surgery. 

The absence of the N20m response in the lesion side was caused by direct injury of the hand sensory cortex 
and/or white matter injury. Cortical mapping of the hand sensory area was accurately achieved using direct cortical 
stimulation with awake craniotomy. Since the tumor mass had been already removed, we conclude that somatotopic 
reorganization of the hand sensory area had probably occurred after surgery due to white matter injury. 

Reorganization of cortical somatotopy can occur after surgery for glioma. Intraoperative cortical stimulation 
with awake craniotomy and SEFs are complementary methods for revealing short term plasticity of the somatosensory 
area. 
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1 Introduction 

Motor imagery is defined as a mental rehearsal of movement. Phychological studies revealed simi¬ 
larities of motor imagery with actual movement, such as validity of Fitts’ Law[2] in motor irnagery[8], and 
increase of muscular power by imagining movements alone[10]. Recent studies with functional brain map¬ 
ping methods seem to agree that motor imagery share some neural systems with movement execution[l], 
[7],[9]. The idea is derived from the experimental fact that activation patterns of motor imagery and 
motor execution overlapped to some degree. But most of these methods such as PET and functional 
MRI don’t have enough temporal resolution. The temporal information of brain activities as well as the 
spatial information is indispensable for analysis of motor imagery. 

Our purpose of this study was to elucidate the spatio-temporal structure of motor imagery. This 
required considerably high temporal resolution of measurement system. We adopted magnetoencephalog¬ 
raphy (MEG), which has high temporal resolution, requires no control tasks, and is effective in revealing 
cognitive functions of human brain. 

2 Methods 

2.1 Subjects 

Five normal subjects (4 men (S1-S4) and 1 woman (S5) ; mean age was 26.4) participated in the 
present experiment. Informed consent was obtained from all of them. They had no neurological disorder, 
and were strongly right-handed, as their average Laterality Quotient of Edinburgh Handedness Inventory 
[5] was +84 (range 80-90). 

2.2 Tasks 

The task consisted of two procedures. Subjects held a joy-stick in either the left or right hand 
during measurement. 

1) Movement Execution (ME): They were asked to incline the joy-stick inward by pronating their 
forearm when they saw a visual stimulus. They were asked to move their hands briskly. 

2) Movement Imagery (MI): Subjects were asked to imagine the joy-stick movement same as ME 
task without any overt movement. 

A small circle(l degree by a visual angle in diameter) was projected to a screen for 30 msec in 
subjects’ left visual field as a visual stimulus. A liquid crystal projector (SHARP, XV-E400) which was 
set outside of a magnetically shielded room was used to project stimuli and the fixation point generated 
by a personal computer on the screen inside the room. Subjects were asked to fixate on the fixation point 
which was a cross in the center of the screen and presented throughout the task. Each task was consisted 
of 100 trials. ISI (interstimulus interval: time between offset of one stimulus and onset of the next) was 
variable, ranged from 2500 to 3500 msec. Subjects performed these two tasks by each hand, i.e. four 
tasks for each subject. Subjects SI and S2 went through the experiment twice. 

•Present address: 'Tokyo Metropolitan University of Health Sciences, Tokyo, Japan 


474 


©1999, Tohoku University Press 
Recent Advances in Biomagnetism 
T. Yoshimoto et al. (Eds) 




2.3 Data acquisition 

Three-dimensional, Tl-weighted MRIs, resolution 2.0 x 2.0 x 2.0 mm, were obtained using a Super 
Sean (HITACHI MRH-500, 0.5 Tesla) for all the subjects. Before scanning, capsules of oil were attached 
to three landmark points (n as ion and two preauricular points), for keeping consistency of the coordinate 
systems between MRI and MEG. 

MEG measurements over a whole head were performed using a 64-channel whole-cortex type 
SQUID system (CTF Systems Inc.). Relative position of the head of subject to the MEG sensors was 
determined using coils attached to the landmark points identical to those used in MRI. MEGs were 
digitized every 1.6 msec at 12-bit, resolution for 1.2 sec, beginning 200 msec before stimulus onset, and 
were bandpassed through a 0 - 100Hz filter. During MEG measurements, movement of the arm was 
monitored by surface electromyogram (EMG) of the flexor carpi radialis in the forearm. 

2.4 Data analysis 

The following processes were carried out offline on a personal computer (Apple Computer Inc.): 
spatial gradient environmental noise cancellation of third order, off-line digital bandpass filtering of 
frequency range 1.0 - 40 Hz, and averaging over 60 responses. On averaging data, responses with eye 
movements or blinks, checked by monitoring MEGs from anterior sensors, were rejected. In addition, 
responses with arm movements detected by EMG in the MI task were also rejected. 

We estimated equivalent current dipoles (ECDs) using a multi-dipole model. The MRI head shape 
data were used to determine a fitting sphere of the theoretical source model of each subject. Coordinates 
of centers of the dipoles were overlaid on individual MRI to show the corresponding locations in the brain. 
Loci and magnitude of the ECDs for each subject were estimated at each 8 msec interval during the period 
between 80 - 350 msec from the onset of stimuli. We accepted ECDs which cleared estimation error and 
durability criteria: the estimation-errors for ECDs of one and two, three, and four-dipole models were 
set at less than 20%, 15%, and 10%; ECDs were required to stay in a sphere with diameter less than 1.2 
cm during more than 8 msec. 

3 Results and Discussion 



(msec) 


(msec) 


Figure 1: MEG waveforms : Averaged waveform of subject SI, executing joy-stick movement with left 
hand (left figure); and imagining the same movement (right figure). All 64 channels are overlaid. 


In both tasks, activities in lateral occipital cortex (LOC : occipital gyrus) and/or occipito-temporal 
region (OTR : fusiform and lingual gyri) were estimated in all cases (28/28 : subjects x tasks x hands 
= 7x2x2) (Fig.2). The activities in LOC were observed around 160-220 msec after the stimulus onset 
and those in OTR were observed around 200-260 msec. These activities were estimated more frequently 
in the right hemisphere, that is contralateral to the visual stimulus, showing a contralateral dominance 
of the anatomical connection in the visual cortex. In some subjects, the ECDs showed the tendency to 
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Figure 2: Estimated activities in occipitotemporal region : 200msec after the visual stimulus onset in 
right hand MI task (Subject S2). An ECD was estimated in fusiform gyrus. 



Figure 3: Estimated activities in central region : 304msec after the visual stimulus onset in right hand 
ME task (Subject S2). An ECD was estimated in central sulcus. 



Figure 4: Estimated activities in precentral region : 232msec after the visual stimulus onset, in right hand 
MI task (Subject SI). An ECD was estimated in precentral sulcus. 



Figure 5: Estimated activities in inferior parietal region : 232msec after the visual stimulus onset in right 
hand MI task (Subject Si). An ECD was estimated in inferior parietal lobule. 
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bo estimated in OTC after the activities in LOC. We considered this to he related to object, cognitive 
process in the ventral ronte[3]. 

In the ME task, activity in central region (CR : central sulcus, pre- and postcentral gyri) con¬ 
tralateral to the moved arm was estimated in all cases (14/14 : subjects x tasks x hands = 7 x 1 x 
2). It was estimated mainly during 230-330 msec. EMG onset was during 190-270 msec. Thus, those 
ECDs are considered to reflect, the activities in primary sensorimotor area around movement, onset. In 
addition, CR. activity was estimated bilaterally in the ME task with the left (non-dominant) hand in font- 
cases out of 7 (subjects x tasks x hands = 7 x 1 x 1). A former PET study reported significant rCBF 
changes in ipsilateral motor area as well as contralateral when subjects performed hand movements in 
non-dominant, hand[4]. Our result is consistent with that. 

In the MI task, bilateral activities in precentral region (PCR : precentral sulcus and the posterior 
part of frontal gyri) were estimated at, around 190-260 msec in more than half of the cases (left, hemisphere 
: 10/14 , right hemisphere : 7/14)(Fig.4). And activities in inferior parietal region (IPR : intraparietal 
sulcus and inferior parietal lobule) were estimated bilaterally at around 190-220 msec (left hemisphere 
: 8/14 , right hemisphere : 6/14)(Fig.5). These are consistent with former PET studios on motor 
imagery that rCBF changes were found in premotor area and inferior parietal lobule by imagining grasping 
movements[l] or joystick movements[9]. There are projections between frontal and parietal lobe[6], and 
in our study, the activities in PCR and IPR were estimated to be temporally overlapping. These data 
imply that PCR and IPR act in union with each other in some phases of motor imagery. 
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Introduction 

It is now widely accepted that both cerebral hemispheres contribute to the movement of the unilateral hand 
[1]. Still, there exist differences in the degree of activation between the hemispheres, and the pattern of 
activation changes within a subject when the side of moving hand changes [2, 3]. To investigate this hemispheric 
asymmetry accompanying unilateral finger movement, MRF were recorded from both hemispheres 
simultaneously with a whole-head MEG in dextrals and sinistrals during index finger extension. The source 
activity for motor field (MF) was analyzed with equivalent current dipole (ECD) fitting, as well as with novel 
spatial filtering technique, synthetic aperture magnetometry (SAM) [4]. The SAM estimates the source activity of 
multiple simultaneous voxels by means of an adaptive beamforming method and shows each source as an area or 
volume instead of as a single equivalent current dipole. The results of the two methods were compared and 
discussed. 

Methods 

Data acquisition: Three dextral and 3 sinistral healthy male subjects attended the study. All subjects were 
instructed to perform 100 brisk extensions of the index finger of either side. The movement was initiated on each 
subject's own pace while keeping the interval between movements longer than 3 seconds. An optical switch 
detected the onset of the movement of the index finger and triggered the data acquisition. The magnetic field was 
recorded with a 64 channel whole-head MEG system (Whole-Head Squid System Model 100, CTF systems Inc., 
Canada) and stored digitally from 1.5 sec prior to and 0.5 sec after trigger onset with a sampling rate of 625 Hz. 

ECD analysis: After elimination of artifact contaminated trials, the data were averaged from 1.0 sec prior 
to 0.5 sec after trigger onset and passed through a 30 Hz off-line low pass filter. The first 320 msec were used for 
offset removal. A two-dipole model, one in each hemisphere, was used for equivalent current source estimation 
for the motor field (MF). The location of dipoles was calculated according to a least-square fitting algorithm for 
an interval from 300 msec before the trigger onset to the peak of the MF. Subsequently, the dipoles were fitted 
repeatedly at the latency revealing least error. The dipole moments of contralateral (C) and ipsilateral (I) 
hemisphere to the finger movement were compared using a paired t-test and p value less than 0.05 was 
considered as significant. 

SAM analysis: The raw data were filtered into theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz) and 
gamma (30 Hz < ) bands. Volumetric image of the root-mean squared source activity was generated with a 5 mm 
voxel resolution applying SAM for each frequency bands. Then statistical comparison was made between the 
control state (-1.5 sec to -1.0 sec) and the active state (-0.5 sec to 0 sec) and displayed on MRI (statistical 
parametric mapping, SPM). 

Results 

ECD analysis: The isofield map for MF demonstrated larger field reversal over the contralateral 
hemisphere for dominant hand movement and almost symmetric pattern for non-dominant hand movement (Fig. 
1). The MF dipole-moment for contralateral hemisphere was significantly larger for dominant hand movement, 
and almost equal for both hemispheres for non-dominant hand movement (Table 1, Fig. 2). This propensity was 
preserved in both dextral and sinistral subjects. 

SAM analysis: Of the four frequency bands, the signal power changes between control and active state 
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(focal event-related desynchronization, ERD) in the motor cortex was mostly apparent in the beta band. The SPM 
demonstrated stronger ERD over the contralateral hemisphere for dominant hand movement and additional weak 
ipsilateral ERD for non-dominant hand movement in both dextral and sinistral subjects (Fig. 3). The location of 
ECD on the contralateral hemisphere to the finger movement was included in the area demonstratning ERD. 

Discussion 

The ERD was first defined by Pfurtscheller and Aranibar [5] as an decrease in the power within a restricted 
frequency band. It is considered to reflect the result of secession from the idling state and thus activation of focal 
cortex. That the location of the dipole, which reflects the positive neural activity, was almost congruent with the 
area of ERD in this study suggest tha ERD may be considered to demonstrate the area of activation related to 
certain event. 

Since the early work by Kornhuber and Deecke [1] about bilateral brain activity for unilateral hand 
movement, evidence was also provided with MEG [2, 3]. Quantitative comparison of dipole moments of the MF 
between contralateral and ipsilateral hemispheres demonstrated greater difference for dominant hand movement, 
and less or even no difference for non-dominant hand movement. The SPM also demonstrated stronger ERD for 
contralateral motor cortex for either side movement, and additional ERD in the ipsilateral cortex for non¬ 
dominant hand movement. Both results indicate that the contralateral hemisphere is more active than the 
ipsilateral hemisphere for dominant finger movements, whereas both hemispheres are active for the non-dominant 
finger movement. This propensity was congruent for both dextral and sinistral subjects. All these results are 
consistent regarding the pronounced contralateral dominancy on dominant hand movement and its attenuation for 
non-dominant hand movement due to the increased ipsilateral contribution. 
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Fig. 1: Isofield maps of the MF and superimposed waveforms of the MRF on right and left index finger 
movement in a dextral (left) and sinistral subject (left). 
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Fig. 2: Dipole moments of the MF on contralateral (C) and ipsilateral hemisphere (I) on dominant and 
non-dominant hand movements. 
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Fig. 3: Statistical parametric mapping on dominant and non-dominant hand movement in a dextral (right) 
and sinistral subject (left). 
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Table 1: Parameters for least-squares fitted equivalent current dipoles for the motor field on right and 
left finger movement 


dipole moment (nAm) 




side of 

left 

right 


subject (handedness) 

movement 

hemisphere 

hemisphere 

error (%) 

1 

(right) 

rt 

22.1 

9.0 

8.4 



It 

19.9 

19.8 

4.7 

2 

(right) 

rt 

33.8 

4.2 

2.7 



It 

7.6 

6.9 

9.7 

3 

(right) 

rt 

27.1 

20.7 

2.5 



It 

22.1 

18.8 

1.5 

4 

(left) 

rt 

17.0 

26.1 

9.4 



It 

49.8 

68.3 

6.8 

5 

(left) 

rt 

34.1 

32.4 

10.5 



It 

4.2 

27.2 

13.5 

6 

(left) 

rt 

62.9 

43.9 

8.9 



It 

4.9 

13.1 

13.6 
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Introduction 

The traditional view of the cerebellum is a structure which participates in the synchronization and modification of 
movement. Recent evidence indicates that the lateral areas of primate cerebellum, which have evolved most recently, 
also subserve a variety of cognitive functions. Processing of sensory input, particularly with reference to the timing of 
individual features, may be one of the common elements linking the diverse cognitive and motor functions of 
cerebellum. Recent imaging studies in man demonstrate that a main cerebellar output relay, the dentate nucleus, is 
strongly activated during the acquisition and discrimination of tactile sensory information [1]. We have utilized a whole- 
scalp MEG array to record for the first time evoked responses from human cerebellum [2]. We observed that unilateral 
median nerve stimulation activated cerebellum prior to the initial ~20 ms response in primary somatosensory cortex. 
This result demonstrated immediate input of sensory information into human cerebellar circuitry. The capacity to record 
evoked responses in cerebellum on a millisecond timescale with MEG arrays presents a unique opportunity to 
investigate neuronal population responses indicative of the processing of temporal features of sensory input by 
cerebellar networks. We report here on an expansion of our initial study to include cerebellar response to somatosensory 
stimulation which are specific to the omission of anticipated stimuli. 

Methods 

Transcutaneous stimulation of the median nerve at the wrist was effected by constant current pulses (0.3 ms) 
delivered at 2 Hz (6 subjects, stimulation of left and of right wrist) [2]. The pulse amplitudes were set just above the 
motor threshold (4-6 mA). 15% of the pulses were randomly omitted. Evoked responses time-locked to the stimuli and 
also to the random omissions were recorded on-line with a 122-channel MEG array [3]. Responses from a vertical 
electro-oculogram were used to reject data from the averages which were contaminated by eye movements and blinks 
(threshold 150 (iV). In a second set of experiments, all raw data (MEG, EOG and stimulus markers) were recorded for a 
single subject during stimulation of the left (right) median nerve at the wrist at ISI’s of 0.5, 2 and 4 sec (15% random 
omissions). Data were also recorded for stimuli which contained a set of predictable omissions. In this experiment, 
every fifth stimulus in a train of stimuli was omitted (ISI 0.5 s, 20% regular omissions). In a separate experiment, 
stimulation of the left (right) index finger was performed at an ISI of 0.5 s (15% random omissions). Stimulation of the 
finger produces no motor response. The subject paid passive attention to the stimuli, with no imperative to either count 
or make a motor response either to stimuli or omissions. 

The first stage of data analysis was as follows. A set of equivalent current dipoles (ECDs) were determined 
individually for each subject for sources in primary (SI), secondary (SII) and posterior parietal (PPC) cortex using a 
multi-dipole model with a least-squares fit to the data (for an example of the method as applied to responses to median 
nerve stimulation, see ref. [4]). In addition to these well-known localized responses, we also observed for the first time 
in these data prominent, rather distributed responses following the omission of stimuli. These omission-related 
responses were not adequately modeled as localized ECD sources, but could be identified over a period of several tens of 
milliseconds by the topography of the signals recorded in the array. We utilized signal-space projection (SSP) to provide 
a common framework for the description of both the localized and distributed activation [5,6]. Each ECD was identified 
with a unit vector in 122-dimensional signal space from the 122 responses which that individual source generated in the 
MEG array. The omission-related components were identified directly as the values of the 122 MEG signals recorded at 
approximately 120 (D120) and 240 (D240) ms following the omitted stimuli. 



Fig. 1 Evoked SSP waveforms for left median nerve stimulation at 2 Hz with 15% random omissions (subject Nl). 
The thick line indicates responses averaged time-locked to the omissions (O) and the first stimuli after omissions (F). 
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The thin line indicates evoked responses time-locked to all but the first stimuli after omissions (S). The horizontal 
shaded area indicates the effective, additive system noise for each SSP component for 200 trials (O and F responses 
only). The system noise for the evoked responses to all but the first stimuli is reduced by 42%. The location and 
orientation of the generator are indicated on the MR images by the dot and tail, respectively. 



Cerebellum V x 

Fig. 2 Evoked SSP waveforms for the same subject and stimuli as in Fig. 1 for an orthogonal orientation of the 
dipolar generator. 


We investigated cerebellar activation utilizing dipolar current sources as generators of SSP components. The sources 
were located in one of several midline and lateral cerebellar regions. The locations were identified as common across 
subjects from the individual MR images. The 122 MEG responses corresponding to current flow at each cerebellar site 
were computed using a single-compartment boundary-element model for the conducting volume of the brain determined 
from the subject’s MR images [7]. Values were computed for two orientations of current flow which span a plane 
approximately tangent to the back of the skull (c./ Figs. 1 and 2). Waveforms were derived from a pseudoinverse of the 
SSP source matrix for a single cerebellar SSP component in conjunction with the set of cortical and distributed SSP 
components [2,6]. The SSP waveforms for the cortical and distributed components were independent of the choice of 
location and orientation of the cerebellar component. The amplitude of the cerebellar SSP waveform was a function of 
the location of the dipolar generator. However, for data recorded with the 122-channel system, the latency and spectral 
content of the evoked, oscillatory and slow shift responses was relatively insensitive to the specific location of the 
generator for displacements on the order of 1 cm. We report results for a midline generator near vermis. 
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Fig. 3 Alpha-band activity (left) and gamma-band activity (right) for responses to omissions and the first stimuli 
after omissions (upper traces) and to all subsequent stimuli (lower traces) for subject Nl. The evoked responses have 
been bandpass filtered and squared (light curves) and subsequently lowpass filtered (dark curves) to display the amplitude 
of oscillatory activity which is time-locked with stimulus presentation (bandpass filter settings: alpha 6-12 Hz, gamma 
25-35 Hz). The bar graph inserts show the grand average over all six subjects (left and right median nerve stimulation) 
of the amplitudes of the lowpass-filtered curves. The smoothed curves have been averaged over 0-200 ms after the 
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stimuli S and F and after the omissions O (alpha-band) and over 100 ms prior to 100 ms after the stimuli S and F and 
the omissions O (gamma-band). 

Results 

Figs. 1 and 2 show SSP waveforms for a cerebellar generator located near vermis. There is a prominent slow shift 
of activation level which begins about 100 ms prior to and continues, with enhanced amplitude, following the first 
stimulus after omission. Oscillations at 6-12-Hz (alpha-band) are particularly prominent following omitted stimuli. The 
stimuli F and S generate a series of evoked response peaks in this subject at approximately 50, 115 and 180 ms. 

Fig. 3 shows averaged evoked responses bandpass filtered, squared and subsequently low-pass filtered to extract a 
measure of the amplitude of stimulus-locked oscillatory activity. We observed sustained gamma-band activity following 
stimulus omission and anticipatory enhancement prior to and during the first stimulus after an omission ( 6 subjects, 

2 2 

stimulation of both hands separately: first stimulus 0.26 ± 0.06 vs. all other stimuli 0.05 ± 0.01 nA m P < 0.01, t- 
test, 2-tailed). Moreover, the gamma-range oscillatory activity in cerebellum was not only sustained during the 
omission but even enhanced as compared to the activity during the steady delivery of stimuli (omission 0.18 ± 0.05 vs. 
2 2 

all other stimuli 0.05 ± 0.01 nA m P < 0.05). Most remarkably, the gamma-range activity in cerebellum started to 
enhance in all subjects and for both hands approximately 100-50 ms prior to the onset of each anticipated stimulus 
following an omission. Enhanced cerebellar activity to the first stimulus after omission was visible also at alpha-range 

2 2 

(cerebellum; first stimulus 3.83 ± 1.0 vs. all other stimuli 1.57 ± 0.5 nA m P < 0.01). 


Cerebellum V % 
random omissions 
ISI 0.5 s 


100 ms 
150 ms 


• Tr 

'vj-vA 

: ! L 210 ms 


random omissions 
ISI 4 s 


r 


80 ms 




I_210 ms 


random omissions 



regular omissions 
ISI 0.5 s 


! ! I_ 210 ms 3 

O F and S 100 ms 


Fig. 4 Evoked SSP waveforms for stimulation of the right median nerve with random and regular omission of 
stimuli (subject N7). The thick lines indicate responses averaged time-locked to the omissions (O) and the first stimuli 
after omissions (F). The thin lines indicate evoked responses time-locked to all but the first stimuli after omissions (S). 

Cerebellum 

random omissions ISI 0.5 s 



O F 100 ms 


Fig. 5 Evoked SSP waveforms for stimulation of the left median nerve (thick lines) and stimulation of the left 
index finger (thin lines) for ISI of 0.5 s and 15% random omission of stimuli (subject N7). 

Fig. 4 shows responses in one subject with very prominent alpha-band activity. Both alpha-band oscillations 
following omission and a pattern of evoked responses at 80-100 ms and 150 ms were retained for random omissions as 
the ISI was increased to 2 s. However, both evoked and alpha-band responses deteriorated for ISI of 4 s. Alpha-band 
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responses following a predictable omission also were very strongly damped. Fig. 5 shows a comparison of responses to 
median nerve stimulation and stimulation of the left finger. Purely sensory input with no motor component generates 
both evoked responses to stimuli and oscillatory alpha-band activity following stimulus omission. 

Discussion 

We observed stimulus-locked evoked responses and oscillatory activity at 6-12 and 25-35 Hz during intermittent 
median nerve stimulation. Gamma-band activity commenced prior to stimulation, with sustained gamma-band activity 
following stimulus omission and enhanced responses to the first stimulus after omission. Evoked response and alpha- 
band activity displayed similar features for stimulation of finger and median nerve. This result evidences direct 
engagement of cerebellar networks in the processing of temporal features of sensory input independent of motor 
performance or response. The observed increase of alpha-band activity following unpredictable, but not predictable 
omission of stimuli supports the notion of cerebellum a an adaptive predictor which is capable of extracting and 
sustaining a template for temporal information from sensory input [8, 9, 10]. 
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Introduction 

Magnetoencephalography (MEG) not only allows precise localization of 
neuronal activity, it also has the potential to allow determination of the absolute 
magnitude of neuronal activity. This has considerable clinical significance, as it 
enables quantitative analysis of pathological state and treatment efficacy. When 
we examine the dipole moment, however, it must be remembered that organisms 
vary in their response according to stimulus intensity and that the absolute value 
of the current applied dose not necessarily represent the magnitude of the 
stimulus to a certain organism. In other words, it is necessary to determine the 
appropriate stimulus intensity for each organism in order to avoid errors caused 
by the relative difference in stimulus intensity. The goal of this study was to 
establish a method for determining the appropriate stimulus intensity. 

Methods 

Patients’ profile is shown in Table 1. For MEG measurements, we used 
160-channel helmet-type MEG system. We obtained somatosensory evoked field 
(SEF) by applying 400 electrical stimuli at 2 Hz on the median nerve in the wrist 
with cathode proximal. The responses passed through a 3 to 500 Hz bandpass 
filter. The sampling rate was 2 kHz. 

1. After determining the stimulus intensity that was the Threshold of 
thenar Muscle Twitch (TMT), we then compared the dipole moments at TMT, 
1.5 times TMT (1.5TMT), and 2.0 times TMT (2.0TMT). The dipole moment 
was obtained twice at 1.5TMT,. 

2. The relative values of dipole moments at 1.5 and 2.0TMT were then 
calculated and compared with the dipole moment at TMT. The difference 
between the two dipole moments obtained at 1.5 TMT was also calclulated. 

Result 

Table 2 and fig. 1 show the relationship between the stimulus intensity 
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and the dipole moment. 

Table 3 shows the difference between the dipole moments obtained the 
first and second times at 1.5TMT. The mean and standard deviation of 
difference were greater than those of between 1.5TMT and 2.0TMT. There was 
thus no significant increase in dipole moment when the stimulus intensity was set 
at 1.5TMT. 


Table 1. Patient Profile 


Case 

No. 

Gender 

Age 

Diagnosis 

1 

Male 

65 

Parkinson disease 

9 

Female 

72 

Left internal carotid artery occlusion \ 

3 

Female 

57 

Polymyositis j 

4 

Male 

55 

Striatonigral degeneration 

5 

Mai 

50 

Right middle cerebral artery 
occlusion 

6 

Male 

49 

Motor neuron disease 

7 

Male 

59 

Myelitis 

8 

Male 

69 

Spinocerebellar degeneration 

9 

Male 

59 

Pure akinesia 

10 

Female 

56 

Neurosyphilis 


Table 2. Relative dipole value at 1.5TMT and 2.0TMT 



1.5TMT(Mean) 

2.0TMT 

Difference 

% Difference! 

1 

196 

188 

8 

4.1 

2 

118 

124 

6 

5.1 

3 

174 

182 

8 

4.6 

4 

125 

133 

8 

6.4 

5 

206 

202 

4 

1.9 

6 

115 

124 

9 

7.8 

7 

93 

101 

8 

8.6 

8 

112 

109 

3 

2.7 

9 

192 

193 

1 

0.5 

10 

149 

153 

4 

2.7 


Mean of difference 6 


S. D. of difference 3 

S. D.; Standard deviation 
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No. 



TMT 1.5TMT(mean) 2.0TMT 

Relative Stimulus Intensity 


Fig. 1. Relationship between stimulus intensity 
and dipole moment 


Table 3. Relativ e dipol e value at 1.5TMT 



1.5TMT 

Difference i 

First time 

Second time 

1 

183 

210 

27 

2 

119 

116 

3 

3 

161 

187 

26 

4 

125 

125 

0 

5 

193 

220 

27 

6 

113 

116 

3 

7 

94 

91 

3 

8 

115 

109 

6 

9 

189 

194 

5 

10 

142 

156 

14 


Mean of difference 
S. D. of difference 
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Discussion 

As the number of SQUID sensors in a helmet type MEG system has 
increased recendy, we can estimate the dipole localization and moment more 
precisely. Now we have the potential to allow determination of the magnitude 
of brain activity using dipole moment. When we examine the dipole moment, 
we should realize a variation of response due to the stimulus intensity. In the 
SEF study, the stimulus, which is strong enough, activates all fibers of a certain 
nerve. So we can expect the saturation of primary cortical activity when the 
stimulus intensity is stronger than a certain level. 

Conclusion 

In the study focused on the dipole moment in SEF, we can avoid errors 
caused by fluctuation of the stimulus intensity when we set it at 1.5TMT or more. 
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Introduction 

Magnetoencephalography (MEG) enables effective and non-invasive evaluation of the mechanism of volun¬ 
tary movements in human subjects. The surface distribution of neuromagnetic fields associated with voluntary movements 
has been used to identify and localize the cortical generators activated prior to and during such movements 11 -5]. Previous 
studies have suggested that multiple sources including contralateral and ipsilateral motor cortex are active prior to move¬ 
ment onset [2,31, although it has been difficult to utilize the methods in preoperative studies due to patients’ clinical 
conditions. In this study, we demonstrated how MEG can be used to map the primary motor cortical areas responding to a 
simple motor stimulus. 


Methods 


Movement related magnetic evoked fields (MREF) were measured in 3 right-handed males, as normal volun¬ 
teers, one 26-yr-old female with a right frontal cavernoma, and one 57-yr-old male with left parietal meningioma. MREF 
accompanying self-paced voluntary extension of the pollex and index fingers were studied with a 160-channel laying type 
whole head MEG system (Yokogawa, Japan). Using the touch sensor device, the trigger pulse was recorded at the moment 
of stimulating the sensor by patient finger (Figure 1). Movement onset could be detected by photo-diode circuit when the 
finger was detached from the sensor. Stimulation of the sensor was performed with a voluntary biphasic movement 
(extension-flexion) of each finger repeatedly with an interval of about 5-10s. The amplified signals (bandpass filter: 3- 
200Hz) were induced by the accumulation of 100 samples. 

Periods of 2s duration (1.5s pre and 0.5s postmovement 
onset) was dizitized at a 500Hz sampling rates and the 
baseline correction was taken from 1000s to 500s at 
premovement onset. Special care was not performed to 
avoid head movement. The somatosensory evoked field 
(SEF) of the index finger was measured at the same time 
and compared with MREF. 



Figure 1 Trigger system of MREF 
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Figure 2 upper: Waveform and Isofield Contour Map of MREF (Rt index finger) 

lower: Dipole Sources of two components (10ms and 88ms) of MREF on MRI 
Central sulcus located between the two dipoles, in axial view. 

Results 


Two components of magnetic field changes were observed over the contralateral cortex to the index finger 
movements. The first component of MREF began at 20-50ms before trigger onset (its peak was 10-30ms after the onset) 
in all cases. The second component followed the onset of movements by 60-90ms, except in one case, and reversed its 
polarity in the opposite direction to the first one. No slow premovement readiness field was detected. The single current 
dipole pattern on the iso-contour map accounted for the two MREF peaks. These dipolar patterns were fairly stable 
throughout the movement onset period (Figure 2). In the pollex fin¬ 
ger study of three normal cases, the first component of MREF was 
observed, but second one was not obviously recognised. After per¬ 
forming MRI overlays of using the calculated single equivalent cur¬ 
rent dipoles, the single dipole source of MREF could be fitted to 
the first peak time at the central sulcus surface of contralateral mo¬ 
tor cortex on MRI. SEF of the fingers revealed that dipole sources 
located on the central sulcus surface of contralateral sensory cortex 
(Figure 3). The dipole source of the pollex was detected slightly 
deeper and inferior to that of the index finger for the three normal 
volunteers (Figure 4). In two normal cases, the dipole of the first 
component of index finger MREF was located in the precentral area. 

Figure 3 Dipole Sources of first component 
MREF (MF: motor field) and SEF on MRI 
Central sulcus located between the two dipoles.. 
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Figure 4 


Dipole Sources of MF on MRI (Rt pollex and index fingers) 


and the second one located in the post central area (Figure 2). In thepatient with cavernoma case, several estimated current 
dipoles of first peak (10-30msec) of left index finger MREF were located in the precentral area above the tumor and 
second peak (78ms) located on the sensory area (Figure 5). In the meningioma case, only first peak of index finger study 
could be recognised, current dipole was located at precentral area away from tumor. 

Discussion 

The MREF consist mainly of pre (first component: motor field[MF]) and postmovement (second component: 
motor evoked field[MEF]) magnetic fields. Despite the performance of many studies, there is still considerable contro¬ 
versy regarding the exact origins of MREF. Due to the irregular delays between the onset of trigger (for example, EMG 
activity) and mechanical movement of the finger, the distinction between pre- and postmovement components is not 
always clear. Using our method and system reliable recognition of the two components of MREF was possible. In the 
present study, no slow premovement readiness field was observed over the sensorimotor area of the contalateral and 
ipsilateral hemispheres. We need to carefully set bandpass filter because of various type of environmental magnetic noise. 



Figure 5 Right frontal cavernoma 

Dipole Sources of two components (10-30ms and 78ms) of MREF on MRI (Lt index finger) 
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We suspect that this is the reason why the slow pre-movement readiness field was not detected. 

Several reports [4,51 have indicated that the estimated premovement current dipole accompanying by index finger move¬ 
ments was located slightly anterior and medial to the postmovement one, and suggesting that the premovement component 
represented the activity of the supplementary motor (SMA), premotor and prefrontal areas in addition to that of the pri¬ 
mary motor cortex, and that postmovement MEF was located in the postcentral gyrus. In our study the same results were 
obtained as in many reports, that the estimated first component current dipole accompanying index finger movements was 
located in the precentral area and that the second one located posterior to the first one. However, not all cases had the same 
findings. Further more examinations must therefore be performed. 

Our findings show that SEF and MREF techniques can be used to detect primary motor area accurately. Finger movement 
on command is easy for patients to perform, and method may therefore be useful for clinical study of the cortical organi¬ 
zation of voluntary movement. 
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Introduction 

Previous studies on somatosensory evoked potentials (SEPs) in stroke patients have mainly concentrated on the 
relationship of SEPs to clinical symptoms at certain time point; longitudinal studies aiming to correlate SEP changes 
with clinical signs of recovery are rare. The present study was thus undertaken to clarify how the clinical recovery is 
related to electrophysiological findings. We chose to use multichannel magnetoencephalography (MEG), which offers 
good spatial and temporal resolution when mapping activity originating in both primary somatosensory cortex (SI) and 
opercular somatosensory cortical areas (OC). We report here on the activation of SI and OC in the affected hemisphere, 
to the stimulation of the contralateral median nerve. 

Methods 

Fourteen patients (25-77 years; 2 left-handed; 2 females) with their first symptomatic stroke participated in the 
study. The symptoms had first appeared 1-18 (mean 5) days before the initial examination, which revealed sensory 
and/or motor deficits in all patients. All patients underwent MR imaging (Siemens Vision 1.5 T). A second SEF 
recording was performed 3 months after the first one. 

Before the SEF recording, 2-point discrimination ability, pain, vibration, temperature and joint-position senses 
and somatosensory hemi-inattention, as well as muscle strength, were tested (Table 1). 

The recordings were performed in a magnetically shielded room (Euroshield Ltd., Eura, Finland) using a 
magnetometer with a helmet-shaped detector array consisting of 122 planar gradiometers (Neuromag Ltd., Helsinki, 
Finland [1]). During recording both median nerves were alternately stimulated at the wrist with the stimulus intensity 
just above the motor threshold and an interstimulus interval (ISI) of 3 s per nerve. The signals were filtered on-line at 
0.03-310 Hz and sampled at 940 Hz. Two separate averaged responses containing 100-200 sweeps each were gathered. 
EOG was monitored to automatically reject sweeps with signals exceeding 150 pV. For MEG artifacts, a rejection limit 
of 3000 fT/cm was used. 

The two first deflections over SI, approximately at 20 and 31-74 ms post-stimulus were recognized and named 
Peak 1 and Peak 2. For contralateral opercular responses (OCc), the first recognizable peak of the biphasic waveform at 
a latency of 65-193 ms poststimulus was analyzed. 

The locations, strengths and orientations of the ECDs were calculated with the least-squares method using a 
subset of channels covering both field extrema. Patients’ data were compared with those of an age-matched normal 
population [2]. Amplitudes and locations of the patients’ ECDs and their reproducibility were considered abnormal if 
they differed more than 2.5 standard deviations from the corresponding means of the normals (Table 1). 

Results 

Peak 1 was significantly enhanced during the follow-up in one patient, while Peak 2 was significantly increased 
in 7, including the one with increased Peak 1 (Table 1, Figs 1 A and 2). In 5 patients, the increase of Peak 2 was 
associated with the recovery of 2-point discrimination, in one patient with improved pain and position senses, and in 
one with no clinical recovery. 

In 3 patients an initially absent OCc response was observed at follow-up. In one of these, the SI responses were 
absent in both recordings but pain sensation and hemi-inattention had normalized during the follow-up. In another 
patient, the SI responses were normal in both recordings and the appearance of the OCc response was paralleled by 
restoration of temperature and vibration senses. In the third patient (HV, see Fig. 1) recovery of OCc was accompanied 
by that of Peak 2 and sensory symptoms (= pain and temperature senses, 2-point discrimination). 

We did not observe lateralization changes during the follow-up. Neither did we detect large-scale location changes 
in the SEF generators within the diseased hemisphere. Coordinate changes not exceeding 2.4 cm occurred occasionally 
during the follow-up, but these were explicable by gross-anatomical changes related to recovery process. 

Discussion 

We have previously suggested that Peak 1 results from the summation of excitatory postsynaptic potentials and 
Peak 2 of inhibitory postsynaptic potentials in area 3b pyramidal cells [3]. These neurons have small receptive fields 
(e.g., [4]) and are thus suitable for discriminative functions, such as 2-point discrimination ability. Small receptive 
fields are likely to be maintained by lateral inhibitory connections. We suggest, therefore, that the enhancement of Peak 
2 during the follow-up, which was accompanied by the recovery of 2-point discrimination ability in 5 patients, reflects 
the recovery of these inhibitory functions in area 3b of SI. 
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The functional role of opercular cortex in processing somatic sensory information has not been established, 
although this area is known to contain multiple distinct areas responding to somatic sensory stimulation [5]. In 2 
patients, however, the enhancement of OCc response was paralleled by alleviation of sensory deficits without changes in 
SI SEFs during the follow-up. This was especially interesting concerning patient JR, in whom no SI SEFs were 
detected in either recording. Clinically, pain sensation had recovered at follow-up. In a third patient, the recovery of the 
OCc response was accompanied by the recovery of SI SEFs. Taken together, the present results indicate that also the 
opercular cortex may have a role in the functional recovery after sensory stroke. 



Fig. 1. Data from subject HV. Significant enhancements of Peak 2 (A) and opercular response (B) at 
follow-up are illustrated. The white dots in the MRIs show the ECD locations corresponding to SI and 
OCc. Solid lines denote magnetic flux exiting and dashed lines the flux entering the head. 




Fig. 2. ECD strength changes of the SI responses during the follow-up. 
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Table l. Patient data. A (age), S (sex), IH (infarcted hemisphere; L = left, R = right), D = time lapse 
(days) between onset of the symptoms and the 1st SEF recording. 2p = 2-point discrimination ability: 

- (normal), + (affected) and ++ (absent). Pain, temperature (tern), vibration (vibr), position (pos) senses 
and somatosensory hemi-inattention (hem) are characterized as - (normal), or + (affected). Motor paresis is 
defined as none, mild, or severe (sev). Na denotes non-available data. Peak 1, Peak 2 and OCc denote the 
dipole moments of the corresponding ECDs. 1st row in each patient represents the acute stage and 2nd 
row represents follow-up at 3 months. Underlined values denote significant changes in the ECD strengths 
between acute stage and follow-up. H= healthy hemisphere, D= diseased hemisphere. 
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Introduction 

The purpose of this investigation was to explore with macrophysiological recordings whether the functional 
organizations of auditory cortical areas exhibit plasticity with an improvement in performance as human subjects learn to 
discriminate small differences of intensity and frequency. Invasive physiological studies on animals have shown that learning 
can produce plasticity in the functional organization of sensory cortical areas. However, plasticity associated with behavioral 
learning has been less explored in humans, and these studies have generally explored plasticity related to short term practice. 
The present study investigates the physiological plasticity associated with learning a task that requires many hours of training 
over the course of several months. Similar experiments were carried out by Recanzone et al. [1] on the plasticity of the 
tonotopic locus in the primary auditory cortex of the owl monkey that correlates with the animal's performance. These 
primates were trained for several weeks to discriminate small frequency differences in sequentially presented tone stimuli. 
Multiple-unit recordings showed an enlarged cortical representation and longer latency for the behaviorally relevant 
frequencies of trained monkeys than for the same frequencies presented to control monkeys. 

Physiological correlates during the process of learning can be explored by examining whether brain activity is related 
to the accuracy of the subject when performing a training task. This study exploits magnetic source imaging techniques to 
establish whether such measurements are sensitive to the subject's performance during the process of learning an auditory 
discrimination task. The second goal is to characterize the plasticity of neural populations of primary and association auditory 
cortices in a human subject, to determine the number of learning trials that are required to produce a detectible change in 
physiological responses. 

Methods 

Studies were carried out on 3 right-handed subjects (two females and one 
male) between the ages of 25 and 54 and with no history of hearing impairment. 

The stimuli were 40 ms tone bursts. For the test stimuli, frequencies of 980, 1000 
and 1020 Hz, and intensities of82,86 and 89 dB were presented in a random order. 

The following probe stimulus differed in frequency between 5 and 50 Hz and in 
loudness between 1 and 5 dB below and above the test stimuli presented in the 
specific trial. The difference in intensity and frequency between the test and the 
probe stimuli depended on the stage of the experiment (see below). Each trial 
started with the presentation of the test stimulus followed 500 ms after by the 
presentation of the probe stimulus. Immediately after the presentation of the 
sequence of the two stimuli, the subject pressed one of two buttons on a panel to 
indicate the test and probe stimuli were the same or the second button if the stimuli 
were different. After this response, the subject pressed one of three buttons on the 
same panel to indicate the confidence level for the judgement ("sure", "insecure" 
and "not sure"). Subjects responded to blocks of 300 trials during each position 
recording, in which half of the test and the probe stimuli were the same and half 
were different. For trials where the test and probe stimuli differed, half were for 
frequency and half for intensity. Separate recordings were made with the probe 
placed at three positions over each side of the head, where the field emerging from 
the head and returning to the head is strongest (Fig. 1). 

The existence of 3 distinct extrema indicates that the neural activity cannot 
be modeled by a single current dipole. Previous studies [2,3] have found that this 
pattern arises from two distinct sources, each of which may be modeled as a current 
dipole, one in primary auditory cortex on the superior surface of the temporal lobe and the other in the auditory association 
cortex, located in the posterior region of the superior temporal sulcus. The responses observed at each of these locations 
consisted of three main components. One peak represents intracellular current directed toward the surface of the primary 
auditory cortex between 40 and 70 ms after stimulus onset and is commonly called the 50m component. A second peak of 
opposite polarity occurs between 70 and 140 ms and is denoted the 100m component of the primary auditory cortex. This 
peak was followed by a third component between 160 and 210 ms having the same polarity as the first peak and is denoted 
180m. For the left hemisphere, one placement of the probe covered the anterior temporal region to record the field pattern 



Fig. I Three regions of the scalp 
where the neuromagnetic probe was 
placed to record magnetic fields from 
auditory evoked responses in the left 
hemisphere: Continuous lines outline 
field extrema of the primary auditory 
cortex, and broken lines outline the 
association auditory cortex. In the 
parietal region the outward field from 
both the primary and association 
cortices overlap. 
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of the inward field extremum associated with the 100m source of the primary cortex. A second placement of the probe over 
the ear recorded the inward field extremum associated with a source of 100 ms latency in the auditory association cortex, 
located in the posterior region of the superior temporal sulcus. This component is denoted as LI 00m. By happenstance, the 
outward field extrema for both 100m and L100m sources are superimposed in the parietal area, so only one placement of the 
probe was required to complete the field measurements. A similar procedure was carried out with field measurements over 
the right hemisphere. The PPN headframe was used to express measurement positions relative to the scalp [4]. 

At the beginning of a subject's participation in the study, the individual's discrimination level for frequency and intensity 
differences were determined with the staircase method [5]. These measurements were obtained in order to establish the same 
level of task difficulty for each subject at the beginning of the learning phase. The neuromagnetic fields were recorded in four 

different stages. Subjects SW and SC participated in stages 1 and 2; 
PB participated in stages 1,2, 3 and 4. 

Stage 1. The differences in frequency and intensity between the 
test and the probe stimuli were 5 Hz and 1 dB. These differences were 
used to elicit a chance level performance, 50% correct responses, in 
order to characterize the cortical response when subjects are unable to 
learn because the task difficulty is too high. 

Stage 2. The discrimination levels for frequency and intensity 
differences obtained with the staircase method for each subject were 
used. During this stage the subjects started to learn to distinguish 
between tones, and performance during this stage was correct about 
75% of the trials. 

Stage 3. Neuromagnetic recordings were carried out for subject 
PB after about 135 hrs of learning to discriminate smaller differences 
between the two tone bursts following 47,800 trials. The subject's 
discrimination improved from 50 to 15 Hz in frequency and from 5 dB 
to 1 dB in intensity. When the differences between the test and probe 
stimuli were 15 Hz and 1 dB, performance was correct for 82% of the trials. A total of 135 hrs of training were carried out 
in the laboratory during a period of 68 days in daily sessions of three hours. The difference in frequency and intensity between 
the test and probe stimuli was reduced as the subject's performance improved. 

Stage 4. Neuromagnetic recordings were carried out in subject PB after 65 hrs more of training to discriminate even 
smaller differences, totaling 26,400 trials. The subject's discrimination improved from 15 to 10 Hz. When the differences 
between the test and probe stimuli were 10 Hz and 1 dB, performance was correct on 68% of the trials. Fig. 2 shows the 
number of trials that subject PB executed in order to improve discrimination for the smaller frequency and intensity differences 
between test and probe tones. 

The contrast analysis [6] of the evoked field between two conditions was computed for the following pairs of 
responses: correct vs. incorrect; hit (different tones judged correctly) vs. false alarm (identical tones judged to be different); 
hit vs. miss (different tones judged to be the same); hit vs. correct rejection (identical tones judged correctly); correct rejection 
vs. false alarm; correct rejection vs. miss; and false alarm vs. miss. This statistical analysis provides a measure for the relative 
difference in magnetic field patterns over the scalp produced by the evoked responses for any two conditions. The statistic 
used was the mean of the site-by-site differences for the squared magnetic field amplitudes normalized by the mean of the 
square of the summed fields. The significance of this contrast was measured with f-tests. 

Results 

Table 1 summarizes the performance of the subjects during the four stages of learning. The d' values are consistent 
with the conditions of each stage; when performance was by chance d' values were close to 0 and when subjects began 
learning d' rose above 1.3. None of the subjects were biased in the way they responded to the task, as denoted by their p 
criterion likelihood ratio. With practice, reaction time tends to decrease, as clearly seen in subject PB who practiced the task 
for several months. Reaction time is also sensitive to the subject's performance, with a longer reaction time exhibited for 


Table 1 Behavioral results for each subject during the four stages of learning. 


Stage 

Subject 

Correct 
responses (%) 

d' 


Reaction time (s) 

Confidence level (%) 


P 

Correct 

Incorrect 

not sure 

insecure 

sure 

1 

PB 

52 

0.1 

1.0 

1.79 

1.90 

28 

44 

28 


SW 

48 

0.0 

1.0 

1.53 

2.12 

8 

49 

43 


SC 

50 

0.1 

1.0 

1.46 

1.39 

75 

19 

6 

2 

PB 

83 

1.9 

1.2 

1.23 

1.75 

14 

18 

68 


SW 

74 

1.4 

0.8 

1.31 

1.98 

4 

12 

84 


SC 

74 

1.3 

1.0 

1.35 

1.72 

21 

46 

33 

3 

PB 

82 

1.8 

1.1 

.82 

1.01 

1 

17 

82 

4 

PB 

68 

1.0 

1.1 

.68 

.89 

1 

34 

65 



50 40 30 20 10 

Intensity and frequency differences 

Fig. 2 Number of trials required for subject 
PB to achieve finer discrimination level between 
differences in intensity and frequency. 
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value 


wrong responses than for correct responses. The confidence levels are consistent with the subject's performance in each stage: 
a higher confidence level is exhibited for all subjects during stage 2 compared with their judgements in stage 1. In addition 
the reaction times of the three subjects are associated with their confidence levels: As subjects become more confident with 
the task, reaction times decrease. 

The contrast statistical analysis reveals no difference between the responses to the pair of tones during the first stage, 
when a subject's performance was at chance. During stage 2, when subjects started to improve their discrimination and their 
performance was about 75%, the results of the contrast analysis were not significant during the portion of the first 550 ms 
while the test stimulus is presented. It is during approximately 70 ms and 100 ms after the onset of the probe stimuli that the 
field contrast analysis is significant between the following pair of responses: correct vs. incorrect, hit vs. false alarm, hit vs. 
miss, correct rejection vs. false alarm and correct rejection vs. miss (for a complete set of results see [7]). The contrast 
analysis shows that incorrect, false alarm and miss responses have a larger field power than correct, hit and correct rejection 
responses for subject PB for over both left and right hemispheres. The same significant results are observed for subject SW 
except between hit and miss responses on the right hemisphere. Fig. 3 displays the (values from the contrast percentage for 
hit and miss responses, obtained over the left hemisphere of subject SW. This subject has a significantly strong contrast 
between hit and miss responses, with a stronger field for miss responses during the first 70 ms after the onset of the probe 

and near the latencies 

(b) corresponding to the 

100 ms components. 
At the right side of the 
figure are waveforms 
recorded by one of the 
sensors located over 
0 Amplitude the left parietal 
(f T) placement of this same 

subject. The amplitude 
for miss responses 
during stage 2 for the 
50 ms and 100 ms 
components elicited by 
probe stimuli reflect 
this strong field 
contrast. This 
waveform is clearly 
stronger than the 
waveforms for hit 

responses of stage 2 and for hit and miss responses recorded during stage 1. The contrast field patterns for subject SC were 
less significant, but the contrast analysis for this subject displayed the same tendency as for the other subjects. During stage 
3 and 4, after subject PB has improved discrimination from 5 to 1 dB and from 50 to 10 Hz, the field contrast is still 
significantly different between pairs of correct and erroneous responses having the same pattern as in stage 2. 

To explore the physiological correlates of neural responses with the process of learning over several months to 
discriminate small differences between tone burst stimuli, average amplitudes were obtained for components elicited for the 
test and the probe stimuli, for both left and right hemispheres of subject PB, during the four stages of learning. The responses 
for both primary and association auditory cortex tend to decrease with duration of training. This trend is the same for the 
neural responses elicited by both the test and the probe stimuli, and they are stronger over the right hemisphere than the left. 
Fig. 4 presents the average waveforms for all classes of responses for each stage of performance recorded by one of the 
channels placed over the parietal region of the right hemisphere of subject PB. In this area the extrema of both the responses 
in primary and association auditory cortex are added. These two waveforms show a clear amplitude decrease during the time 
the subject learns to discriminate, with a corresponding improvement in performance. 



Latency (ms) 

Fig. 3 (a) t values from the field contrast statistic between 550 ms and 750 ms (at 4 ms 
intervals) during stage 1 and 2, for hit and miss responses, for the left hemisphere of subject 
SW. Negative contrast values show greater field power for miss responses, (b) waveforms 
recorded in one of the channels located in the parietal region of the left hemisphere. 


Discussion 

The contrast analysis employed in this study provides evidence for significant differences exhibited in cortical activity 
while a subject is resolving whether two tones are the same or different. This activity is indicated by stronger neuromagnetic 
evoked responses when the subject is wrong than when correct. The few previous studies that addressed the possibility that 
brain activity reflects differences between correct and incorrect responses have found different results. Renault et al. [8] found 
that the N200 and P300 evoked potentials were larger in erroneous trials, while Falkenstein et al. [9] found a decrease of the 
P300 component and an increase of a slow wave between 500 and 700 ms for incorrect trials. The contradiction between 
these previous studies might be due to the fact that differences were based on the amplitude of the evoked potentials, which 
are known to be more affected by variables such as attention, motivation, etc. The results from the present study were 
obtained by using a contrast analysis which has proved to be a sensitive measure of the difference in the neuromagnetic field 
pattern between two conditions recorded from the same regions, where the amplitudes and variance of more than 100 
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recording sites are considered for the calculations. So the difference between correct and erroneous responses is related to 
a field pattern within a time interval and not with amplitude measurements at one value of latency. We suggest that the 
stronger contrast field pattern found in error trials compared with correct trials might reflect that an early processing of the 
probe stimulus is executed in an uncertain or partial way, and additional resources are called into play. Moreover, these 
significant field contrasts were obtained only when the subject was able to learn from the task and not when the subject's 
performance was by chance. 

Neural plasticity has been described for previous 
experiments as an increase in the neuronal response strength 
and as an expansion of the representation across the cortical 
area associated with the stimulus (for a review see Kass 
[10]). The neuromagnetic measurements of subject PB, 
extending over a period of more than three months while 
training almost every day for three hours to discriminate 
small differences in frequency and intensity between two 
tones, revealed a progressive decrease in the amplitude of the 
waveforms while performance improved. A decrease in 
amplitude of the evoked magnetic fields found in these 
experiments, instead of an amplitude enhancement reported 
for previous studies, can be explained by the fact that none of 
the previous human studies have reported physiological 
measurements associated with the same large amount of 
training hours as employed in this study. The plasticity 
described in the present study is in accordance with the 
postulate that the process of learning is associated by a 
gradual shift from a slow, laborious and controlled process to 
a fast, effortless, and automatic process [11]. Behavioral data 
in subject PB clearly reflect this tendency, with reaction time 
decreasing and confidence level increasing with training. As 
for the behavioral data, the macrophysiological recordings 
obtained magnetically present this same tendency, which is 
reflected in the amplitude decrease of the neural responses evoked by the stimuli in the task. This decrement might indicate 
that the subject is using fewer resources to deal with the task as the training increases and that correct discrimination may 
require a more discrete cortical activation so inhibitory processes become more forceful with learning. 
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Fig. 4 Average waveforms of all types of responses 
during each stage of learning recorded in one of the 
channels located in the parietal region of the right 
hemisphere of subject PB, where responses of the primary 
and association cortices are superimposed. 
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Introduction 

Acoustic stimuli are processed throughout the auditory projection pathway including the neocortex by 
neurons that are aggregated into “tonotopic” maps according to their specific frequency tunings [1, 2, 3J. 
Animal research has shown that tonotopic representations are not statically fixed in the adult organism but can 
reorganize following damage to the cochlea [4] or training of auditory discriminations in intact subject [5]. We 
used functional magnetic source imaging (MSI) based upon magnetoencephalographic recordings (MEG) to 
measure cortical representations in highly skilled musicians. The goal of this study was to examine the plastic 
reorganization of auditory cortical structures due to the intense musical training. 

Methods 

The study was carried out on three groups comprised of right-handed subjects (Edinburgh handedness 
questionnaire) with no history of otological or neurological disorders and with normal audiological status. 
Subjects were fully informed about the experimental procedures in accordance with the declaration of Helsinki 
and signed a consent form prior to participation. The first group (n=9) consisted of musical students with 
absolute pitch and the second group (n=ll) of musical students with relative pitch who had played their 
instruments for a mean period of 21±6 and 15±3 years, respectively. Musicians in the two groups reported that 
they practiced an average of 27±14 and 23±12 h/week, respectively, during the five years preceding the 
experiment. Musicians who claimed to have absolute pitch were tested before MEG measurements. 
Musicians with relative pitch were either self-identified (9 musicians) or did not meet the tested criterion for 
absolute pitch (2 musicians). The third group of subjects (controls, n=13) consisted of students who had never 
played an instrument. Mean age was 29±6 years for musicians with absolute pitch, 26±5 years for musicians 
with relative pitch, and 26±4 years for control subjects. 

Prior to the experiment we interviewed our musicians to collect information about hours of practice, 
knowledge of music theory, sight reading ability, absolute or relative pitch ability (absolute pitch is the ability 
to map perfectly specific tone frequencies onto response choices), principal instrument, other instruments 
played, musicians in the family, and the age at which musical training began. The principal instruments of our 
musicians were piano (9), woodwind instruments (7), and strings (4). Control subjects were asked as part of a 
standardized pre-experimental interview whether they had any special ability with respect to pitch perception 
or whether they currently played or had previously played a musical instrument. Control subjects reported 
that they had never played a musical instrument and that to their knowledge they had no special pitch 
perception ability. Although the pitch perception abilities of control subjects were not explicitly tested, the 
incidence of absolute pitch in the general population is estimated to be less than 0.01% [6]. Relative pitch is 
typically an ability of professional musicians only [7,8]. All subjects had air conduction and bone conduction 
thresholds of no more than 10 dB hearing level in the range from 250 to 8000 Hz. The thresholds for pure and 
piano tones were measured to within 2 dB for each subject. The intensity of each tone was set at 60 dB above 
each subject's measured threshold. 

MEG measurements were carried out with a 37-channel BTi Magnes system. From each subject 
auditory evoked fields (AEFs) elicited by right side stimulation were recorded above the left hemisphere. 
Auditory stimulation (Fig. 1) consisted of a semi-randomised blockwise presentation of four piano tones C4, 
C5, C6 and Cl (American notation, having the first harmonics at 262,523,1046 and 2093 Hz, respectively) and 
four pure tones (250, 500, 1000 and 2000 Hz) corresponding closely with the fundamental frequency of the 
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piano tones. Each tone was presented 128 times while subjects watched cartoon videos intended to fixate their 
attention. 


pure tones 



Frequency (Hz) 


piano tones 



262 



523 



200 1000 2093 6000 


Frequency (Hz) 


Fig. 1: Acoustic spectra of pure tones and piano tones measured after the silicon ear piece. 


Magnetic fields evoked by acoustic stimuli were averaged and filtered within the band 0.1-20 Hz. For 
each evoked magnetic field a single equivalent current dipole (ECD) was fitted. The means of the dipole 
moment were computed within 40 ms time interval around the maximum of the dipole moment of the auditory 
evoked field component Nl m (occurring approximately 100 ms after stimulus onset) for each of the eight 
stimulus conditions. The coordinates of the dipole location were calculated as a mean of the data points within 
the time interval between the maximum and the minimum of the evoked field and satisfied the following 
requirements: 1) a goodness of fit of the ECD model to the measured field >95%; 2) variation of the source 
coordinates around the maximal root mean square field value less than 15 mm within an interval of 40 ms; and 
3) anatomical distance of the ECD to the midsagittal plane greater than 2 cm and inferior-superior value 
greater than 2 cm. 

Results 

A significant difference between the two groups of musicians and the control group was found, in the 
strength of the cortical sources activated by the piano tones compared to the pure tones (Fig. 2). For both 
groups of musicians with absolute or relative pitch the equivalent dipole moment, which is a measure of the 
number of neurons simultaneously activated, was 21-28% larger for piano tones than for pure tones (p<0.0001, 
paired t-test). This effect was found though the two types of tones were matched for loudness. For the control 
group no significant difference was found in dipole moment between the piano and pure tones (p=.72). 

Given a constant direction of the equivalent current dipole, the dipole moment indicates the total 
strength of cortical activation (the number of neurons active at the time of the auditory Nl m evoked field). If 
this number increases, the dipole moment also increases. Therefore, the increase in dipole moment that we 
observed reflects an expansion of the cortical representation that processed the piano tones. Expansion may 
have occurred because more neurons were engaged in the processing of these tones in skilled musicians, which 
is in line with results from animal experiments, or because the synchrony of neural activity was greater as a 
consequence of their musical training. 
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Fig. 2: Equivalent dipole moment (strength of neuronal activation during the auditory Nl m evoked field) is 
shown for pure tones and piano tones in control subjects and subjects with absolute or relative pitch. 


Discussion 

The dipole moments evoked by the piano tones did not differ significantly between musicians reporting 
the piano (n=9) or woodwinds or strings (n=ll) as their principal instrument. However, because 8 of the 11 
subjects who reported woodwinds or strings as their principal instrument also reported the piano as a 
secondary instrument, we cannot determine whether the enlarged cortical representation was specialized for 
piano tones that were experienced during musical training or whether it may have reflected an increase in the 
cortical representation for processing of musical or nonmusical stimuli with complex harmonic spectra. It 
appears unlikely that enlargement of the cortical representation for piano tones was caused by greater 
attention having been paid to these tones during testing by musicians compared to nonmusicians, despite our 
video viewing requirement which was intended to fixate attention. Attentional modulation during testing 
cannot explain why the degree of enlargement observed among our skilled musicians depended on the extent 
of their musical experience gained several years prior to testing (Fig. 2), unless it is proposed that the ability to 
command attention is itself a consequence cortical reorganization. 

The significant expansion of the cortical representation observed in musicians for tones of the musical 
scale corresponds to the results of an earlier magnetic resonance imaging study by Schlaug et al. [9] who found 
a structural enlargement of the planum temporale of the left hemisphere in musicians compared to non¬ 
musicians. Our data thus associate a use-correlated functional property with cortical architectonics and raise 
the further possibility that musical experience may have influenced structural development of the auditory 
cortex. Schlaug et al. [9] also reported that left-hemispheric enlargement of the planum temporale was more 
pronounced for musicians with absolute pitch than for musicians with relative pitch. The functional 
enlargement revealed by our results did not relate to this perceptual skill, perhaps because absolute pitch is 
supported by cortical mechanisms not evident in the auditory Nl m response occurring up to 100 ms after tone 
onset or is based on temporal rather than structural coding of auditory information. 
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Introduction 

The auditory 40 Hz steady-state response has been discussed to result from superimposition of middle-latency 
components [1,2], This hypothesis was supported by simulations reconstructing the steady-state field from middle- 
latency auditory evoked fields (MAEFs) recorded at a 10/s rate [2] and by auditory evoked middle-latency potentials 
(MAEPs) recorded up to inter-stimulus intervals (1S1) of 13 ms using maximum length sequences [3]. Both middle- 
latency and steady-state responses ave been shown to be generated mainly by cortical sources [2,4-7], 

This study used a new deconvolution technique to decompose steady-state fields in the range of 32-53 Hz into 
underlying transient responses. We investigated two hypotheses a) the steady-state field results from linear overlap of 
middle-latency transient components elicited by each click stimulus and b) at least two generating areas in the auditory 
cortex are contributing to the steady-state fields. 


Methods 

Auditory evoked steady-state fields were recorded from 15 subjects (mean age 29, 7 females) and transient 
MAEFs from a subgroup of six subjects using a Neuromag-122™ whole-head MEG system. MEG data were recorded 
continuously at a sampling rate of 1000 Hz using a bandwidth of 0.03 - 330 Hz. A high resolution 3-D MRI scan was 
obtained from all subjects after MEG recordings using a Picker Edge (1.5 Tesla). 

The steady-state stimulation consisted of seven different 800 ms click trains of constant repetition frequencies 
ranging from 32.3-53.2 Hz; i.e. the stimulus onset asynchrony (SOA) between all clicks of one train was 19, 21, 23, 25, 
26, 27, 29, or 31 ms. Trains were presented in 4-5 runs of 210 stimuli (30 at each SOA in a predefined sequence). Inter¬ 
train interval ranged from 0.6 to 1.0 s. Transient MAEFs were obtained in 4-5 runs with 4000 single clicks each that 
were presented at randomized SOAs of 95-135 ms. Both kinds of stimuli were presented binaurally at 70 dBnHL. 
During recordings, subjects had to keep their eyes open and to fixate a cross at the cabin-wall. They were asked to 
respond to the virtual pitch changes occurring every 6-12 s by pressing a mouse button. 

MEG data were averaged off-line rejecting about 10% of sweeps by an amplitude criterion. The responses to the 
seven different trains were averaged separately over an epoch of 400 ms pre- and 1400 ms post stimulus onset. For the 
analysis of the steady-state and transient MAEFs, averages were band-pass filtered from 20-150 Hz with slopes of 12 
and 24 dB/oct. (zero-phase shift Butterworth type). From this data, steady-state responses were obtained by averaging 
over the single click periods of each train starting with the fourth click. The resulting seven steady-state periods were 
baseline corrected and concatenated in ascending order to form a convoluted signal of 175 ms duration. Finally, the 
steady-state fields were deconvoluted to a post-click epoch of 130 ms using a newly developed algorithm based on a 
linear matrix equation [8]. Parameters in this equation allowed for increased attenuation and delay of the estimated 
transient response underlying the MAEF with increasing steady-state frequency and latency to take into account non¬ 
linear effects. 

Transient data were similarly filtered from 20-150 Hz and averaged over a post-click epoch of 130 ms. Using the 
BESA software version 2.2 (MEGIS Software GmbH), spatio-temporal dipole source analysis [4,7] was performed on 
the deconvoluted steady-state fields and dipole sources were mapped onto individual MRI axial slices. To compare the 
source activities of deconvoluted and transient MAEFs, the dipole model fitted to the deconvoluted data was also 
applied to the transient MAEFs. 


Results 

The deconvoluted steady-state fields of all 15 subjects showed a transient-like response with major deflections 
peaking around 20, 30, 42 and 53 ms. Magnetic field mapping showed a topography that was dipolar over both 
temporal lobes, but changed systematically in center location and orientation during the earliest phase (20-24 ms) of the 
MAEF (Fig. 1 A). Only one subject showed an inconsistent and noisy field pattern over the left hemisphere exhibiting a 
more parietal dipolar distribution. In the other 14 subjects, a multiple dipole model could be fitted with two dipoles in 
each auditory cortex that fully explained the changes in the topography. The dipoles were fitted in two pairs, one to the 
rising and one to the falling edge of the first prominent peak around 20 ms. For each subject two 2-3 ms intervals 
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around this peak were setected for fitting of two pairs of dipoles, During these intervals field topography remained 
relatively stable. The final 4-dipole model separated a bilateral primary activity with apparent maxima N19m, P30m, 
and N41m from a secondary bilateral activity with maxima N24m, P36m, and N46m (Fig. IB). 



Fig. 1 A. Magnetic field maps and dipole source locations of subject 12. The maps depict the changing field 
topography during the first prominent peak of the deconvoluted MAEF at 20 and 25 ms. Dipole source locations of the 
primary (box) and secondary components (circle) are mapped onto MRI image. B. Grand average source waveforms 
of the six subjects who participated in both experiments. Deconvoluted (black) and transient responses (gray) are 
overplotted. 


MRI mapping of the fitted dipole locations showed that the primary dipoles projected into the medial aspect of 
Heschl’s gyrus except for three of the 28 primary source dipoles that were located about 1 cm above the medial 
Heschl’s gyrus. The secondary dipoles were found lateral of the primary sources by about 1 cm (Fig. 1 A). 23 of the 
secondary dipoles were localized in Heschl’s gyri while only four dipoles were located about 1cm above or below the 
lateral auditory cortex. In one subject, a secondary dipole could only be fitted in the right hemisphere. The 4-dipole 
model explained 75.4% (median, range 64.8 to 91.5%) of the deconvoluted sensor waveforms over the MAEF epoch 
from 19 to 46 ms. 

Linear reconvolution of the deconvoluted signals accounted for 98% (range 96.2 - 99.6%) of the total variance in 
the steady-state source waveforms (Fig. 2). Using the non-linear parameters, residual variance could not be further 
reduced. Apparently, there was no decrease of the transient response underlying the recorded steady-state signal 
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towards higher click repetition frequencies as compared to the response that was linearly reconstructed from the 
estimated constant transient response waveforms. Neither was there a resonance enhancement in the transient response 
waveforms that underlie the steady-state MAEF around 40 Hz. 


(re-) convoluted 


primary 

source 


left 


right \ 




secondary 
source 


; e " 


rv deconvoluted 
0.77 %L" 

2.74% 

3.31 

6.82 % 



right 

19 21 23 25 27 29 31 ms 0 20 

I 4 nAm I 2 nAm 


100 ms 


Fig. 2. Source waveforms of steady-state (left) and deconvoluted AEFs (right) of subject 12. Reconvoluted 
steady-state fields are overplotted in gray. Residual variances (rv) between recorded and reconvoluted steady-state 
fields are displayed for each source. 


When the transient click MAEF was imaged by the primary dipoles, transient source waveforms resulted that 
were highly similar to the steady-state deconvoluted signals (Fig. IB). However, the secondary dipoles did not image an 
activity consistent with the deconvoluted secondary component. The early transient source activity of the secondary 
dipoles was considerably weaker in the early phase of the MAEF around 25 ms. For comparison, Fig. IB depicts the 
grand average of transient and deconvoluted source waveforms of the six subjects who participated in both experiments. 


Discussion 

Using spatio-temporal dipole modeling and a new deconvolution technique [8], the auditory steady-state field 
could be decomposed into two overlapping transient source components that were constant for all click repetition 
frequencies. The location of the primary deconvoluted source at the medial Heschl’s gyrus, the peak latencies of 19 and 
30 ms and the similarity of the response with the transient MAEF suggest that it is equivalent to the intracranially 
recorded transient response of the primary auditory cortex [9]. The secondary activity in more lateral areas of the 
auditory cortex was only found in the deconvoluted data. Further investigations including EEG recordings will be 
needed to asses its relationship to a similar component (N27) reported by Scherg and von Cramon [4,7] in transient 
MAEPs. The orientation of the second MAEP component was predominantly radial. Its latency peaked about 1-2 ms 
later as compared to the secondary deconvoluted steady-state MAEF component of this study. 

Pantev and coworkers [9] reported different tonotopic organizations for transient MAEFs and steady-state fields 
using a single moving dipole model. The difference of transient and steady-state fields in the secondary source 
component observed in our study might be related to their findings. Combining our previous [4,6,7] and present results, 
the contribution of at least three cortical generators to the transient MAEP/MAEF in the time range of 15-50 ms can be 
inferred. Whereas the primary activity (N19-P30) of the medial aspect of the Heschl’s gyrus is a robust constituent 
underlying both the transient and steady-state responses, differences appear to exist for the more lateral secondary 
components. How these differences will influence studies on tonotopic organization of the auditory cortex is a complex 
topic since multiple regions with opposite tonotopic organizations have been shown [11]. In any case, the presence of 
multiple generators should be taken into account in future studies. 

Linear superimposition of the deconvoluted responses adequately explained the amplitude enhancement of the 
auditory steady-state response around 40 Hz. Hence, oscillatory phenoma do not seem to contribute significantly to the 
steady-state and transient MAEF, if fast click stimulation rates are used as in our study. This finding is consistent with 
previous studies demonstrating linearity of the 40 Hz steady-state response from intermediate up to high stimulation 
rates [2,3]. 
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Introduction 

We are interested in the capability of humans to extract regularity from environmental stimuli, and are looking 
for its functional basis and location in the human brain. 

In a power spectrum of the fluctuations expressed by 1/f”, n shows the steepness of the power spectrum. The 
regularity of fluctuation depends on the magnitude of the number n of the fluctuation. 

We investigated the effects of tone pulses with inter stimulus interval times given by three fluctuations, l/f°, 1/f 1 
and 1/f 2 , and with a fixed interval on Magnetoencephalographic (MEG) auditory evoked fields (AEF). 

On the detection of the effects of fluctuations, we have to recall the following two essential points. 

1) Physiological effect of fluctuation should not be treated in terms of one response against one stimuli but should 
be treated in terms of a response against the whole session of successive stimuli. 

2) Habituation is another important phenomenon to characterize the physiological effects of fluctuations. 
Habituation was defined as "the phenomenon of the response decrement as the result of repeated stimulation" by 
Sherrington! 11, and by Harrisl2|. 

The 100 msec latency component (N100m) of the AEF satisfies the above two conditions necessary for the study 
of the effects of fluctuations [31. 

The diminution of the N 100m of the AEF was examined for five human subjects. The effect of n of the fluctuation 
characterized the nature of the habituation trend of the AEF. 

Subjects and Methods 

Subjects were five adults (five males; mean age (+-s. d.) 36.00 +- 6.16 years) with normal hearing and without 
neurological disorders. All subjects were right-handed. 

The 64-channel whole-cortex type SQUID system (CTF Inc., Canada) was used to measure MEGs over the whole 
head. Electroencephalogram (EEG), was recorded simultaneously with MEG recording. The relative position of the subject's 
head to that of the MEG sensors was determined using coils attached to three landmark points (the nasion and both the 
preauricular points) identical to those used in MRI. 

All subjects received 630 presentations of a 1000-Hz tone burst (7 runs of 90 tone bursts). Each stimulus was of 
95 msec duration, with a rise/decay time of 5 msec and an intensity of 60dB above threshold 90 tone burst with ISI 
fluctuating 1 /f° were used for recording Pre and Post responses, both before and after 10 minute rest periods surrounding the 
630 stimulus presentations. Four types of different ISI, the regular interval and the three irregular intervals fluctuating with 
l/f°, 1/f 1 ,1/f 2 patterns, were used. The regular interval was 1.06 sec, and the irregular intervals were 1.06 sec in average ranging 
from 0.5 to 2.1 sec. The fluctuations 1/f and 1/f 2 were generated by the program of Takayasuf4|, producing non-integral 
Brownian motion, on a personal computer NEC PC 9821. The fluctuation l/f° was generated from a white noise source with 
a NEC PC 9821. The 1000-Hz pure tones were produced with a multifunction generator, (1930A, NF ELECTRIC 
INSTRUMENTS, Japan). The random numbers were quantified to 9 steps, and changed in inverse ratio between 0.4 and 2.0. 
The rise/decay time and the stimulus duration were controlled with a electronic switch (SB-104, LION, Japan) and a digital 
pulse generator (TG-04A, LION, Japan). The sound was delivered binaurally to the subjects, through plastic tubes (4.5m) 
terminating in high-quality insert earphones (Cabot Inc., USA). The ISI was controlled with a NEC PC 9821 personal 
computer with a D/A converter, (CANOPS DAC-98, Japan). 

Throughout the experimental session subjects whose eyes were closed, sat on a chair in a magnetically shielded 
room. They were instructed to relax and not to move or to blink eyes as far as possible. 

MEGs and EEG were digitized every 1.6 ms at 12-bit accuracy for 499.2 ms, beginning 99.2 ms before stimulus 
onset, and were band passed through a 0.0-100.0Hz filter. Third-order spatial gradient environmental noise cancellation was 
applied, off-line digital bandpass filtering reduced the frequency range to 0.01-30 Hz, and 90 responses to target tones were 
averaged. Eye movement artifacts were checked by monitoring the magnetic fields from the MEG sensors placed anteriorly. 
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Trains 


Fig. 1 shows the calculation of the amount of 
habituation. The percentages of the strengths of the re¬ 
sponses of the ECDs of the NIOOm sources were calcu¬ 
lated from the first to the seventh train in comparison to 
the Pre train. It was possible to determine the accumu¬ 
lations of the diminution of the percentage of the strength 
in comparison with the first train from the second to the 
seventh train. The accumulation of the diminution of 
the percentage of the strength gave an estimate of the 
amount of habituation of the responses as the trains were 
repeated. 



Fig. 2 shows the averaged wave form of the auditory evoked fields of the Magnetoencephalograph and the 
auditory evoked potential of Electroencephalograph and the isofield contour map of the magnetic field of the NIOOm 
component for the conditions with fixed ISI in the first, fourth, seventh train, and the averaged response over the first 
to seventh train . 
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Fig. 3 Effects of interstiraulus interval with fluctuation l/f°, 1/f, 1/f 2 and with a fixed interval on the strength 
of the ECDs of the NIOOm component of the auditory evoked magnetic fields and the amplitude of the Nlcomponent 
of the auditory evoked potential for train-by-train averages on Subject K.S.. In general, a decreasing trend can be seen. 




Fig. 4 Relationship between n, which express the steepness of the power spectrum of the fluctuation (1/f 1 ) and 
the amount of habituation of the strengths of the ECDs of the NIOOm component of the auditory evoked fields on the right 
and left hemispheres. The percentages of the strengths of the ECDs were calculated from the first to the seventh train to the 
Pre train. The amount of habituation was determined by the accumulations of the diminution of the percentages of the 
strengths of the ECDs in comparison with the first train from the second to the seventh train. Each point is the mean with 
SD bar for 5 normal adult males. 
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Three-dimensional MRI scans were obtained for all the subjects. EEG was recorded from Cz (ten-twenty system) lead 
referenced to linked earlobes using Ag/AgCl disk electrodes, (NE-155A, NIHON KODEN, Japan). All inter-electrode 
impedances were maintained below 5 k ohm. The EEG was amplified with a multi channel EEG amplifier (Neurotop 
MME-3132, NIHON KODEN, Japan), and filtered using high cut and low cut filters with cut-off frequencies of 100 Hz and 
0.16 Hz.Tl-weighted MRI was obtained using a 1 Tesla MRI System (MAGNETOM Impact Expert, SIEMENS, Germany) 
Multi-dipole (two-dipole) estimations were carried out for minimizing the estimation error e (e < 20% for a 
two-dipole model), based on Grynszpan-Geselowitz’s equation[5|. For source modeling, the MRI head shape data were used 
to determine the fitting sphere for each subject’s head The coordinates of the dipoles' gravity centers were overlaid on 
individual MRI images to show the corresponding locations in the brain. The locations as well as the strength of the 
equivalent current dipoles (ECDs) in each subject, were estimated from the 64 magnetic field measurements for the period 
of the peak of the NIOOm after onset of the target stimulus. 

A progressive diminution of the strengths of the ECDs of the N 100m sources was observed from the first to the 
seventh train in comparison with the Pre train. The percentages of the strengths of the responses were calculated from the 
first to the seventh train in comparison to the Pre train. For each subject it was possible to determine the accumulations of 
the diminution of the percentage of the strength in comparison with the first train from the second to the seventh train. 
Consequently, for each subject the accumulation of the diminution of the percentage of the strength gave an estimate of the 
amount of habituation of the responses as the trains were repeated (Fig. 1). 

Result 

The progressive diminution observed for the strength of the ECD of the NIOOm source is examined for the four 
conditions(Fig. 2, Fig. 3). The amount of diminution of the strength oftheECDof the NIOOm source localized to the right 
hemisphere was significantly increased by the exponent of the fluctuation (F(3/12)=5.954: p<0.01), but the increment of the 
left hemisphere was not significant (F(3/12)=0.298: NS)(Fig. 4). The averaged amount of diminution of the strength of the 
ECD of the left hemisphere was 1.27 times higher than that of the right hemisphere. 

Discussion 

The physiological effect of fluctuation was detected quantitatively as the amplitude of an ECD dipole and followed 
as a function of time in terms of the NIOOm source. 

The regularity of fluctuation depended on the increase of the exponent of the fluctuation. The increase of 
regularity of the stimulus on the fluctuation provoked an increase in the amount habituation. It implied that the organism 
detected increase of regularity of stimulus on fluctuation, and subsequently increased the amount of habituation. 

The steepness of the slope marked the ratio of increment of amount of habituation vs. the increment of the 
exponent of the fluctuation. The ratio indicated the capacity to extract regularity from fluctuating stimulus. 

The capacity to extract regularity from environmental stimuli was reflected in the diminution of the response of 
the NIOOm source on the right hemisphere, but it was not reflected on the left hemisphere. The mode of response to the 
temporal structure of the stimuli were different between the right and left hemispheres. 
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Introduction 

The exponentially saturating function — ) was used to describe the dependence of the recorded 

average MEG signal on the inter-stimulus interval (ISI) in both auditory and visual experiments [1, 2]. The 
characteristic time (r) was related to an echoic memory trace. We have repeated and extended the auditory 
experiment with a whole head MEG system. We have used distributed source analysis to extract estimates of 
brain activity within regions of interest (ROIs) and computed statistical significance from the ROI activity in 
active conditions compared with background levels. We report the ISI dependence of the significant activations 
in cortical regions and probe how these parameters change when attention is modulated following the introduc¬ 
tion of a simple competing task. 

Methods 

We have used the BTi whole head system (148 channels) to record MEG signals evoked by simple tones 
from 5 healthy right handed male volunteers. During the recordings, the subjects (AI, JD, TA, TB, DS; mean age 
43 years) lay on their back comfortably and kept their eyes open. Three different auditory tone durations were 
used (Fig. 1(A)): regular tones (1 kHz, 200-ms duration) and odd tones (1 kHz, 300-ms or 400-ms duration). 
Tone bursts were delivered to the subjects binaurally and the loudness was adjusted to a comfortable level for 
each subject before the experiment (mean 42 dB; 12 ms rise/decay time). Fig. 1(B) illustrates the blocked 
design experiment procedure: first the subjects listened passively to the regular tones (PL1) and odd tones with 
a fixed ISI (PL2), then listened passively to regular tones intermixed with a further 5% odd tones (PL3) and 
finally counted the odd tones mentally (AL1). To test reproducibility, PL1 was repeated with 3 ISIs at the end 
(PL4). Moreover, one subject (Al) repeated PL1 using intermixed design 20 days after the original experiment 
(Fig. 1(C)) and the occurrence of each ISI in each run was randomized. 

The MEG signal was recorded in a continuous mode, sampled at 1017.25 Hz, with an online bandpass 
filter (DC to 400 Hz). For each run, the average signal was computed over the periods with the same ISI 
separately, from Is before to Is after the onset of the tones. The averaged signal was further bandpass filtered 
in the 1-200 Hz range with notch filters at 50 Hz, 100 Hz and 150 Hz. The DC offset was then removed from the 
averaged filtered data using the pre-trigger algorithm: -0.2s to 0.0 for ISI 0.5s, -0.5s to 0.0 for ISI Is and -0.9s to 
-0.7s for ISI 2s, 4s, 10s and 14s. Finally, the BTi fixed weight noise reduction was used to reduce environmental 
noise (recorded from reference channels). For the data analysis, we have used the above processed MEG signal 
from -100 to 500 ms. 

Noise measurements with subject in place before the experiment were also taken as background MEG 
signals. Each noise measurement was recorded in epoch mode, with 16 epochs in total, each epoch lasting for 
5s. The data were sampled around a trigger event generated internally by the BTi hardware with a sample rate 
of 1017.25 Hz, DC high pass filter and bandwidth of 400 Hz. A set of noise measurement comparable to the 
MEG data was obtained as follows: (1) the noise data were bandpass filtered 1-200 Hz; (2) the DC offset was 
removed (the entire trace was used to calculate the DC offset value); (3) for each epoch, 5 bins of data with 
a random center time and a window size of 100 ms before to 500 ms after the center time were extracted; (4) 
the average signal of these 80 bins of data was calculated. For each subject, 7 sets of such average noise data 
(n,-(t), i = 1 • • - 7) were generated serving as baseline conditions for later statistical analysis. 

We have applied Magnetic Field Tomography (MFT) analysis [3, 4] to the average signals extracted from 
both the MEG and noise measurements (-100 to 500 ms, at a step of 1.97 ms, total timeslices is 306). A 
prominent focal activity was identified between 80 and 95 ms, consistent with the main auditory cortex. A ROI 
was thus defined as a sphere centered at the identified focus with a radius of 1.2 cm. The activation curve for 
this area was computed and plotted as a function of time. 

We have further developed a blind, user-independent procedure (Fig. 1(D)) to determine whether the 
ROI activity within a segment of active condition is significantly different from that in the baseline noise level, 
and to extend the fit to the A{ 1 - e °~r ) function in the time domain: we used all 7 sets of average noise 

data to define a baseline level and computed the Kolmogorov-Smimov (KS) test values at each timeslice t with 
a bin width of 2A t. The outcome of the KS-test is an estimate of the probability p for the distribution of 
values in the active period (from t — At to t + A t) to be drawn by chance from the baseline distribution. The 
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ROI activity was then fitted to the function at the timeslice where at least four separate ISIs have p < 0.005. 
At these latencies, we computed the least square best fit estimate for the 3 parameters: amplitude A, lifetime 
r, time of decay onset to and their corresponding standard deviations a a, &t and a io . A valid parameter set 
was restricted further with \/MSE/A < 0.3, where the mean square error (MSE) was computed between the 
values of the function and the actual data for all the valid ISIs. The final valid parameter sets were plotted as 
a function of time with blanks where no acceptable fit was present. 



Fig. 1: (A) The scheme of the auditory tone delivery. (B) The blocked design experiment procedure: the 
numbers in the brackets denote the run no. in each block and the number of tones used for each ISI condition 
respectively. (C) The intermixed design experiment procedure (for subject AI only). (D) The scheme of the 
statistical analysis and curve fitting. 

Results 

Fig. 2 shows the activation curves for the ROI activity in the right auditory cortex for subject AI. The 
data were from the runs with tones of different ISIs delivered in blocked (A) and intermixed (B) design. The 
baseline condition obtained from the 7 sets of noise data is also plotted in the figure. The figure shows that 
around the M100 period (70 to 120 ms), the ROI activity increases systematically with ISI and the peak latency 
for each ISI is slightly different. In comparison with the blocked design, the ROI activity in the intermixed 
design is higher than the baseline condition, even for ISI 0.5s, though the overall activation strength is higher 
in PL1. Among all the runs in the blocked design, runs of PL1 have the highest A values, followed by runs of 
PL3 and AL1. This observation is also true for the data from both left and right hemispheres of the 5 subjects: 
(1) The ROI activity of the passive listening runs (PL1 and PL3) is stronger than that of the active listening 
runs (AL1). (2) In the runs of PL2, the ROI activity of SD 300 is stronger than that of SD 400. (3) PL4 (the 
repetition runs of PL1) has generally but not always lower activation strength than PL1 and PL3. 


(A) Blocked design (PL1) 




Fig. 2: The ROI activity for subject AI in the right auditory cortex in runs of (A) PL1 and (B) All, 
respectively. Note the plots are normalized globally. 
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Fig. 3(A) identifies latency periods where the ROI activity is significantly different from the baseline 
condition: the p values of the KS-test are very low, especially around the M100 period where p is very close 
to 0.0, even for the worst case (ISI 0.5s). The increase of ROI activity with ISI is described very well by the 
function A(1 - e ° >• ) at both the M100 peak and other latencies, including periods before stimulus onset. 

Fig. 3 (B), (C) and (D) show the respective values of the 3 fitting parameters A, r and < 0 at, the latencies 
when at least 4 ISIs have p <0.005. We note that a good fit to the function was not always possible because 
there were periods with significant activations which could not be described by the function. Around the M100 
period, the values of A are substantially higher than at other latencies, with the values of r around 1.5s and 
<o around 0.36s in this case. At other latencies two distinct r levels were encountered, 0.50s and 0.69s (Fig. 
3(C)). To illustrate how well the function describes the real data, we chose two parameter sets when A is at 
maximum (92.7 ms) and outside the Ml00 period (403.3 ms) and compared the function values with the ROI 
activations from the 6 ISI runs, as shown in Fig. 3(E) and Fig. 3(F), respectively. The figures demonstrate a 
high goodness-of-fit between the real data and the function values. 



(C) fitting parameter x 


/ 



time (ms) 



Fig. 3: The curve fitting of the ROI activity in the right auditory cortex of PL1 for subject AI: (A) 
KS-test values for the 6 ISIs as a function of time. (B)-(D) The fitting parameters as a function of time. The 
vertical and horizontal dotted lines in each figure denote the latency when A is at maximum (92.7 ms). In (D), 
the horizontal zero line is also shown. (E)-(F) The comparison between the real data (+) and the function 
values (solid line) with the parameters at 92.7 and 403.3 ms respectively. 

The introduction of a simple competing task (counting the odd tones) does not change the general 
patterns we observed in the runs of passive listening. The only distinct difference between the two conditions 
lies in the r values: in AL1 the r values are 2-4 times higher than those in PL1 [5]. Fig. 4 shows the grand 
sum of number of valid fits as a function of the r value (0 to 2s) across all timeslices and subjects in PL1 and 
AL1. To aid the eye the total number is averaged over 50 ms and plotted as continuous curves. The figure 
shows clearly that the two “ground state” r values (0.50s and 0.69s) presented in both AL1 and PL1, but with 
r =0.50s and r =0.69s more frequent in AL1 and PL1, respectively. 


Discussion 

In this work, we have designed an objective criterion for identifying significant activations based on 
comparisons of distributions for measurements with the subject in place, with and without tone presentation. 
Around the M100 the dependence of the strength of the auditory cortex activation on ISI was very well fitted 
by the exponentially saturating function. This dependence was also observed at other latencies (e.g., around 
400 ms). There were however latencies with strong significant response, where the function did not describe the 
ISI dependence well. 
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Fig. 4: The grand sum of number of valid fits as a function of the r value (0 to 2s) across all timeslices 
and subjects in PL1 (empty dots) and AL1 (filled dots) for both the left and right auditory cortex. The solid 
lines denote the average of the grand sum over 50 ms in PL1 (light) and AL1 (heavy), and the dotted lines 
represent the r values at 0.50s and 0.69s, respectively. 



The strength of the ROI activity in the main auditory cortex was in the order of PL1 (passive listening to 
regular tones), PL3 (passive listening to regular and odd tones) and AL1 (active listening to odd tones). This 
can be explained by the fact that in this work, the averages in PL3 and AL1 were from the presentations of the 
regular tone, which was supposed to be ignored during the recording. 

Across all the five subjects in both hemispheres, we have found two “ground state” r values (0.50s and 
0.69s) outside the M100 period. Higher r values occurred around the M100 and a second range of even higher 
t values (but lower A values) was evident around 400 ms. 

The remarkable stability of the two “ground states” across subjects has been demonstrated using the 
K-means analysis [5]. The robustness of the the two levels is also demonstrated by the grand sum of given valid 
r values across all the timeslices and subjects. To our knowledge, this is the first demonstration of quantization 
effects in the macro-properties of brain activity, which were universal amongst the subjects we studied. 

It is unclear at this stage whether the two “ground states” and the generators of the activations fitting 
the exponentially saturating function at different latencies correspond to neuronal populations at different areas 
(which our analysis cannot separate), overlapping but functionally distinct neuronal populations or the same 
neuronal population acting in different basic mode in each case, or at different set of single trials (as our earlier 
analysis would suggest [6, 7]). 
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Introduction 

Several previous studies have proven that a dipole source analysis of the auditory evoked field (AEF) 
is capable of providing evidence of the tonotopic organization of the human auditory cortex. However, most 
of these studies focused on the average situation in a certain number of subjects, whereas regarding single 
subjects a considerable variability was observed. Pantev et al. [11], for example, reported that in 2 out of 
11 subjects the tonotopicity of the auditory cortex remained obscure. This circumstance and the fact that 
magnetoencephalography has a relatively poor spatial resolution [4, 7] give rise to the question as to what 
extent neuromagnetic results reflect the intricate structure revealed in animal studies of the auditory cortex 
[2, 13]. This question was the starting point for the present study. Concentration of all efforts on a single 
subject allowed to study the tonotopic organization of the auditory cortex with utmost precision. To check the 
consistency of neuromagnetic localization results and anatomy, the estimated source locations were registered 
in a three-dimensional reconstruction of the cortical surface derived from magnetic resonance images. 

Methods 

Subject. The subject was a right-handed female aged 28 years, with no history of otological or 
neurological disorders and normal audiological status. Two reasons were decisive for the selection of this 
subject. First, a previous investigation [6] had shown that this subject produced auditory evoked fields with 
an exceptionally high signal-to-noise ratio. Second, another investigation had suggested that the tonotopic 
organization of the auditory cortex is not very pronounced in this subject. With regard to the latter observation 
the subject was considered to be a challenge for the intended high-precision study. 

Stimulation. In experiment I, tone bursts of four different frequencies (250 Hz, 500 Hz, 1000 Hz and 
2000 Hz) with slopes of 10 ms and a plateau of 500 ms were presented in random order at intervals randomized 
between 1.7 s and 2.2 s (intensity 60 dB SL). In experiment II, three different frequencies (250 Hz, 1000 Hz, 
4000 Hz) were presented at three different intensities (40 dB, 60 dB, 80 dB SL). The stimuli were generated by 
a speaker (compressor driver type) outside the shielded room. Through 6.3 m of plastic tubing they were fed 
to a silicon ear piece in the right ear. 

Neuromagnetic recordings. Neuromagnetic measurements were done with a 37-channel first-order 
gradiometer system (Biomagnetic Technologies, San Diego) in a magnetically shielded room. The magnetic 
field was recorded over the left hemisphere (the sensor array was manually centered over a point approximately 
1.5 cm superior to the position T3 of the 10-20 system). Each of the two experiments was carried out on four 
days, with three independent sessions per day and three runs per session. Each run lasted 800 s so that the 
total number of stimuli presented per run was about 420. In both experiments, all stimuli occurred with equal 
probabilities so that the number of identical stimuli per run was about 105 (first experiment) and 46 (second 
experiment). 

Data Analysis. After 20 Hz low-pass filtering of the measured data, a moving dipole analysis was 
performed using both a conventional least-squares fit and a maximum-likelihood estimation [5, 6]. To minimize 
intersession variability (a detailed error analysis was given in [6]), the estimated source locations were finally 
transformed into aligned headframe coordinates [8]. The results presented below were obtained by forming the 
median of the parameters estimated from several independent runs (the 9 runs of the same day or even all 36 
runs) 

Three-dimensional visualization. An automatic segmentation procedure was developed [14] which 
is able to transform magnetic resonance (MR) images into a detailed and realistic three-dimensional reconstruc¬ 
tion of the auditory cortical areas. Photorealistic visualizations were obtained using the ray tracing software 
Povray3.0. 

Results 

In Fig. 1(a), dipole locations estimated for the AEF peak Nlm (latency around 100 ms) are shown as 
projections into the inferior/superior-medial/lateral (y-z) plane. The frequencies 250 Hz, 1000 Hz, and 4000 Hz 
(experiment II, 40 dB SL) are represented by circles, filled squares, and triangles, respectively. Independent 
estimates were derived for each of the 12 measurement sessions. The figure exemplifies the high consistency of 
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Fig. 1. Sources estimated for Nlm (results of experiment II). (a) 40 dB SL tone bursts 
(circles: 250 Hz; filled squares: 1000 Hz; triangles: 4000 Hz), (b) 1000 Hz tone bursts (circles: 40 
dB SL, crosses: 60 dB SL, filled squares: 80 dB SL). 

the estimated locations, which exhibit a clear tonotopic arrangement. In contrast to that, stimulus intensity 
has only little influence on the source locations. This is exemplified in Fig. 1(b) for the 1000 Hz stimuli. In this 
plot, the intensities 40 dB, 60 dB, and 80 dB are represented by circles, crosses and filled squares, respectively. 

The data were analyzed using both a least-squares fit and a maximum likelihood estimation. In a 
qualitative sense, the results turned out to be similar. However, quantitatively considerable differences were 
observed. While it is not surprising (in view of previous findings [6]) that the least-squares fit resulted in a 
significantly greater scattering, it is not so easy to understand why the estimates provided by the two techniques 
show systematic differences. A plausible explanation is that different strategies are used by the two techniques 



Fig. 2. The estimated dipoles move on trajectories perpendicular to the tonotopy axis. 
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to deal with the inappropriateness of the equivalent current dipole model. Similar inconsistencies were found 
when comparing the sources estimated from the measured field values with those estimated from the field change 
(difference of the field values in two consecutive time points). 

Fig. 2 shows how the estimated dipole locations change as a function of time (results of experiment I). 
The x axis roughly points to the observer, the y axis to the right, and the z axis to the top. The estimated 
dipoles (maximum likelihood estimation) are represented by arrows (each representing the grand median of all 
runs available). Each of the four stimulus frequencies is represented by one imaginary trajectory equipped with 
dipoles (from left to right: 2000 Hz, 1000 Hz, 500 Hz, and 250 Hz). The trajectories for 1000 Hz and 500 Hz 
almost overlap, while the 2000 Hz trajectory is clearly separated from the 1000 Hz trajectory, as is the 250 Hz 
trajectory from the 500 Hz trajectory. 

In a first approximation the images in Fig. 2 can be described as follows. The dipoles move in planes 
perpendicular to the y axis (i.e. planes parallel to the x-z plane) in an anterior inferior direction. The dipole 
moments are located in the same planes, maintaining an orientation perpendicular to this movement. The 
parameter “stimulus frequency” determines the intersection between these planes and the y axis, resulting in 
a tonotopical arrangement (highest frequency corresponding to the most medially located plane). The results 
obtained for the field change (not shown in the figure) are not consistent with those obtained for the field itself 
(most remarkable discrepancies at low stimulus frequencies). This finding proves that peak Nlm results from 
more than one generator. 

Similar analyzes were performed for the peak P2m. Though the scattering of the estimated locations was 
considerably higher than in the case of peak Nlm, the results suggest that the generator of P2m has at least 
one tonotopically organized component. 

Fig. 3 associates the estimated dipole locations (experiment II) with the anatomy of the auditory cortex 
(derived from magnetic resonance images of the subject). The structure running diagonally across the upper 
surface of the temporal lobe (supratemporal plane) is Heschl’s gyrus, considered to be the site of the primary 
auditory area. It projects in a medial-posterior direction and is separated by Heschl’s sulcus from the planum 
temporale. The latter is the region on the superior temporal plane lying posterior to the transverse gyrus and 



Fig. 3. Visualization of the estimated dipoles in the context of a three-dimensional reconstruction 
of the auditory cortex. 
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extending back to the end of the Sylvian fossa [9]. The figure suggests that Nlm arises from sources in the 
planum temporale. The three arrows represent, from lateral to medial, the frequencies 250 Hz, 1000 Hz, and 
4000 Hz (40 dB SL). P2m appears to correspond to a center of activity in (or close to) Heschl’s gyrus. The 
two arrows represent, from posterior to anterior, the intensities 60 dB and 80 dB SL, respectively (1000 Hz 
stimulus). 

Discussion and conclusions 

The proposal of the planum temporale as the main source of peak Nlm is consistent with the result of 
intracerebral recordings [3], which indicate that one of the generators of the electrical 100 ms component is 
probably located in the planum temporale. Further support for this view is given in [10], suggesting that the 
middle-latency peak Pam arises from Heschl’s gyri and that peak Nlm arises from a source located about 5 mm 
more posterior. The finding that the generator of peak P2m is located anterior to the generator of peak Nlm 
is consistent with Hari [1] and Pantev [12]. Though the present study suggests that the generator is associated 
with Heschl’s gyrus, it could also be that peak P2m arises from multiple sources whose contributions pretend a 
center of activity close to Heschl’s gyrus. While stimulus intensity has an eminent effect on the amplitude and 
the time course of the AEF, it appears to have only little impact on the generator structure. 
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Introduction 

Patients with various hearing disorders often complain of dysacusis, that is an abnormal tone quality or 
loudness and disturbance of speech discrimination. This sensation is thought to be caused by a disorder not only in the 
inner ear but also at the higher levels of the auditory tract, and is perceived in the auditory cortex. 
Magnetoencephalography (MEG) has been found to be useful for examination of cortical mechanisms of subjective 
auditory sensation such as tinnitus (1,2). In the present study, we measured auditory evoked magnetic fields (AEFs) 
in patients with dysacusis, and compared findings with those for normal hearing subjects in an attempt to elucidate 
the cortical mechanisms of auditory analysis of speech sound. 

Subjects 

Eight normal subjects and eight patients with complaints of dysacusis and/or deteriorated speech 
discrimination were examined. The mean ages of the normal subjects and patients were 28.0±5.3 (mean±SD) and 
53.6+15.5, respectively. The profile and average hearing level of the patients at 3 frequencies (500 Hz, 1 kHz, 2 kHz) 
are listed in Table 1. The hearing loss of these patients, if present, was sensorineural, and subjects with conductive 
hearing loss were not included in this study. 

Informed written consent was obtained from all subjects after a full explanation of the study. This study 
was approved by the Ethics Committee of the Kyoto University Faculty of Medicine. 


Table 1. Patient demographics 


patient 

age 

sex 

hearing level* 

dysacusis 

speech sound 


DPOAE** 





(dB) 



discrimination (%) 






right 

left 

right 

left 

right 

left 




1 

45 

male 

23 

27 

+ 

++ 



bilateral 

low 

amplitude 

2 

43 

male 

13 

12 

+ 

++ 






3 

70 

female 

62 

68 

+ 

+ 

25 

10 

bilateral 

low 

amplitude 

4 

58 

female 

25 

63 

+ 

+ 





5 

57 

male 

50 

50 

++ 

+ 

70 

80 




6 

64 

male 

40 

33 

+ 

+ 

70 

70 

bilateral 

low 

amplitude 

7 

24 

female 

12 

8 

+ 

+ 





8 

68 

male 

43 

43 

+ 

+ 

35 

35 

bilateral 

low 

amplitude 


(500 Hz + 1000 Hz + 2000 Hz) / 3, **DPOAE: distortion product otoacoustic emission 


Methods 

Sound stimulation 

Sound stimuli applied were: (1) a white noise, (2) a 170 Hz pure tone (the fundamental frequency(FO) of the 
vowel /a/), (3) a complex sound composed of F0 and three formants (F1,F2, F3) of the vowel /a/, and (4) the vowel /a/ 
(Figure I). The duration of the sound stimulus was 530 ms with 15 ms of rise/fall time. The sounds were presented 
monaurally through a plastic tube and custom-made molded ear piece. We instructed the subjects to ignore the 
stimuli. The order of stimulus presentation was randomized with an interstimulus interval of 2 s, and the intensity 
was adjusted to 80 dB HL at the exit of the plastic tube. 

MEG recording 

AEFs were recorded simultaneously over both hemispheres with a whole-head DC-SQUID (Superconducting 
QUantum Interference Device) magnetometer which has 122 first-order planar gradiometers (Neuromag-122™)(3) 
and gives rise to the largest signal just above local brain activity. The recording passband was 0.03-320 Hz, and the 
data were digitized at 970 Hz. The analysis period was 950 ms, from 150 ms before to 800 ms after stimulus onset. 
The 50 ms prestimulus segment was used as the baseline for measuring amplitude. The vertical electro-oculogram 
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(EOG) was simultaneously recorded by placing electrodes in the supra- and infraorbital regions of the left eye, to 
exclude all traces coinciding with the EOG activity exceeding 150 |iV from on-line averaging. One hundred epochs 
were averaged for each stimulus. After digital low-pass filtering at 40 Hz, two ECDs were used to explain the 
magnetic field distribution. First, single ECDs around 100 ms after the stimulus onset were identified separately to 
fit the data of a subset of 24 channels over the right and left hemisphere, respectively, by least-squares fit. Then these 
two dipoles were used as initial guesses in a two-dipole fit to data from all channels. We accepted only ECDs with 
goodness-of-fit over 70%. Finally, the analysis period was extended to the whole response, and the optimal dipole 
waveforms were computed assuming two fixed dipoles at the locations and orientations given by the fit at Nl00m(4). 
The NIOOm latency and dipole moment of the hemisphere contralateral to the stimulated ear were measured. 

In addition to NIOOm ECDs, the sustained field following them was also measured at the channel that gave 
the largest NIOOm amplitude in the hemisphere contralateral to the stimulation. The measurement periods were 
150ms through 250ms, 250ms through 350ms, and 350ms through 530ms after the stimulus onset. 

Statistical significance was evaluated by the Mest. 

Results 

Normal subjects (Tables 2, 3) 

The latency of NIOOm in normal subjects was longest with F0 stimulation and shortest with vowel /a/ 
stimulation. The NIOOm latency in the right hemisphere with the left ear stimulation was shorter than that in the 
left hemisphere with right ear stimulation. The ECD moment of NIOOm evoked by a noise was significantly smaller 
than those evoked by F0I23 or vowel /a/ stimulation. ECD moments in the right hemisphere with left ear stimulation 
were larger than those in the left hemisphere with right ear stimulation. 

The amplitude of the sustained field evoked by noise stimulation was significantly smaller than that evoked 
by vowel /a/ stimulation during the !50-250ms and 350-530ms periods in the left hemisphere, and during the 150- 
250ms period in the right hemisphere. 


Table 2. NIOOm latency and dipole moment in normal subjects (mean ± SD) 


latency (ms) 

noise F0 F0123 /a/ 

ECD moment (nAm) 
noise FO 

F0123 /a/ 

right ear stimulation, left hemisphere recording 

1I6±8 ft 127+17* II0±I0 108+12*” 

I6±5»* 

22±9” 

27±9*** 27+8* 

left ear stimulation, right hemisphere recording 

105+10*” 116± 13** I03±8**98±6** 

33+16** 

37±I6” 

41±14*** 37±I6* 


(*: P<0.05, **: P<0.0l; f: P<0.05, ft: P<0.01, interhemispheric comparison ) 


Table 3. Amplitude of sustained field in normal subjects (fT/cm, mean ± SD) 


right ear stimulation, left hemisphere recording left ear stimulation, right hemisphere recording 


150-250ms 

250-350ms 

350-530ms 

150-250ms 

250-350ms 

350-530ms 

noise 

-4±25 

17± 19 

21 ±22 

0±17 

31±19 

37±26 

/a/ 

10±31 * 

21 ±26 

52±31** 

32±18** 

31±18 

48± 19 


(*: P<0.05, **: P<0.01, comparison between 'noise' and '/a/') 
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Patients (Tables 4, 5) 

In patients with dysacusis, the NIOOm latency in the right hemisphere with left ear stimulation became 
longer, and the interhemispheric difference of NIOOm latencies disappeared. The ECD moment was smallest with a 
noise stimulation, but no difference between noise and vowel /a/ stimulation was identified in the left hemisphere. 
The ECD moments in the right hemisphere in patients were generally smaller than those in normal subjects, and the 
interhemispheric difference in ECD moments found in normal subjects was not found in the patient group. 

The amplitude of the sustained field evoked by noise stimulation was significantly smaller than that evoked 
by vowel /a/ stimulation during the 150-250ms and 350-530ms periods in the left hemisphere, but the difference 
between these amplitudes was not significant in the right hemisphere. In addition, the amplitude difference between 
noise and vowel /a/ stimulation during the 350-530ms period in the left hemisphere was significantly smaller than 
that recorded in normal subjects. 


Table 4. NIOOm latency and dipole moment in patients (mean ± SD) 


latency (ms) 

noise FO F0123 /a/ 

ECD moment (nAm) 
noise FO 

FO 123 

/a/ 

right ear stimulation, left hemisphere recording 

119±23 120±10** 108±8** lll±13** 

18±7* 

22±8 

25±I0* 

18±9* 

left ear stimulation, right hemisphere recording 

I13±I5** I29±16** II3±10** 118±13** 

20±8* 

24+12 

25+12* 

25±12* 


(*: P<0.05, **: PcO.OI, comparison within the same hemisphere) 


Table 5. Amplitude of sustained field in patients (fT/cm, mean ± SD) 


right ear stimulation, left hemisphere recording left ear stimulation, right hemisphere recording 


150-250ms 

250-350ms 

350-530ms 

150-250ms 

250-350ms 

350-530ms 

noise 

1+21 

3± 13 

13± 14 

15±24 

12±21 

22±21 

/a/ 

23±25* 

15+25 

26±23* f 

28±23 

24±21 

28±25 


(*: P<0.05, comparison between 'noise' and ’/a/'; f: P<0.05, less noise-/a/ difference than normal subjects) 


Discussion 

Patients with sensorineural hearing loss often have dysacusis, but there are also individuals without hearing 
loss who suffer from this unpleasant symptom. This symptom is clinically important because it is often accompanied 
by, or may lead to, a disturbance of speech discrimination. We therefore used sound stimuli related to speech sound in 
this study. All patients examined in the present study complained of unpleasant loudness or distortion of speech 
sound, and decreased speech discrimination was confirmed in 4 patients. The neural mechanism of dysacusis is not well 
understood, but 'recruitment', that is, an abnormally steep growth of loudness with increase in sound intensity, may 
play a role in generating this sensation. It is thought that recruitment is related to damage to the outer hair cells and 
loss of active mechanism in the cochlea (5), which can be estimated by measuring distortion product otoacoustic 
emission (DPOAE). Of the present patients, such cochlear dysfunction was thought to be present in those whose 
DPOAE amplitude was confirmed to be decreased. However, the etiology of this symptom is not restricted to 
cochlear dysfunction, and disorders of higher auditory system may also cause it (6). Therefore, similarly to tinnitus. 
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it may be more appropriate to evaluate this type of subjective symptom not at the level of its origins but at the level 
at which it is perceived. 

In normal subjects, AEFs evoked by a noise were smaller than those evoked by other speech-related sounds, 
and the responses in the right hemisphere were generally larger than those in the left hemisphere. In the current 
patient group, however, these findings were not obtained. Although the hearing levels of the present patients varied 
considerably from normal to moderately severe hearing loss, all had dysacusis, which suggests that the differences in 
AEFs between the normal subjects and the patients may be related to the perception of dysacusis. Limited cortical 
response to noise in the left hemisphere and larger auditory evoked neuronal activities in the right hemisphere may be 
related to clear perception of speech sound. 
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Introduction 

Magnetoencephalography (MEG) is well suited for studies of the auditory cortex [1]. Any abrupt sound evokes 
a typical response, with the most prominent deflection Nlm peaking at approximate 100 ms after the stimuli onset, 
with magnitude of 100 fT order [2]. The location of the source of Nlm is often used as a landmark of functional 
localization in the cortex, however, the mechanism of the Nlm has not yet been clarified. The Nlm peak amplitude 
and latency are depend on specifics of stimulus; duration, intensity, and sequence of stimuli [2]. Jourstiniemi et al. 
reported that the Nlm peak amplitude increased as the stimulus duration increased, and leveled at 20-40 ms [3]. 
However, it is not made clear whether this increase mechanism depends on the stimulus duration or number of onset 
/offset in the stimulus. In this study, using click-train stimuli, we examined the dependency of the Nlm peak amplitude 
and latency on the stimulus duration and number of onset /offset in the stimulus. 

Methods 

Stimuli 

Trains of 0.2-ms clicks were used for auditory stimuli by changing the number of clicks in a train and the click 
interval (Fig. 1). The click interval was constant at 1, and 4 ms in block-1, and -2 respectively. The number of clicks 
in a train was selected randomly and with equal presentation probability, 2, 4, 8, 16, 32 and 64 in block-1,2, 4, 8, 16 
, and 24 in block-2. 

Subjects and Measurement 

Recordings of auditory brain magnetic responses were carried out in a magnetically shielded room using a 122 
channel whole-head DC Superconducting Quantum Interference Device (SQUID) magnetometer (Neuromag-122™; 
Neuromag Ltd., Finland). Seven subjects (22-34 years old, 6 male and 1 female, all right-handed) with normal hearing 
were studied. During recording, the subjects sat in a chair with their bodies fixed in a vacuum-cast. The subjects were 
instructed to read a self-selected book and to pay no attention to the stimuli. The vertical electrooculogram (EOG) was 
recorded with infra- and supraorbital electrodes to monitor artifacts from eye blinks and eye movements. 

Analysis 

The magnetic data were sampled at 0.5 kHz after band-pass-filtering between 0.03 Hz and 100 Hz, and then 
averaged more than 100 times for each kind of click-trains. Any responses coinciding with magnetic signals exceed¬ 
ing 3,000 fT/cm and/or a vertical EOG deflection beyond 150 |iV were rejected from further analysis. The averaged 
responses were digitally low-pass-filtered at 40 Hz. The analysis time was 1.0 s from 0.2 s prior to the stimulus onset. 
The average of 0.2 s pre-stimulus period served as the baseline. Neuromag-122™ has two pick-up coils in each 
position, which measure two tangential derivatives, 3Bz/3x and 3Bz/3y, of field component Bz [4]. We determined: 

B' =^/(3Bz/dx) 2 +{dBz/d y y (1) 

as the amplitude of the responses. In each subject, we employed a N1 m peak amplitude with the maximum amplitude 
placed over the right temporal area. These Nlm peak amplitudes were normalized within each subject with respect to 
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click interval = 1 or 4 ms 0.2 ms 


inter-train interval = 1.1 -1.3 s 
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click train 
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Fig. 1 Auditory stimuli used in this experiment, (a) Individual click-train. Click interval and number of clicks were 
changed, (b) Stimuli sequence. Each kinds of click-train was presented randomly and with equal presentation prob¬ 
ability. 



(a) 



(b) 

Fig. 2 Wave forms of brain magnetic fields (B’) evoked by each click-train in (a) block-1 and (b) block-2. 
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number of clicks 

Fig.3. Normalized mean N lm peak amplitude as a function of number of clicks. The bars indicate standard error of 
mean (SEM). 



number of clicks 

Fig.4. Normalized mean Nlm peak amplitude as a function of number of clicks. The bars indicate standard 
error of mean (SEM). 


the maximum value. 

Results 

Figure 2 shows the typical response wave forms ( B ') of subject S2 for (a) block-1 and (b) block-2. Clear Nlm 
peaks are seen on all waves. The Nlm peak amplitude increased almost linearly as the number of clicks increased in 
both the block-1 and block-2. 

Figure 3 depicts the normalized mean Nlm amplitudes (across 7 subjects) as a function of the number of clicks. 
By analysis of variance (ANOVA), the effect of number of clicks was significant when the click interval was 1 ms (P 
< 0.0001), and 4 ms (P < 0.04). The N1 m amplitudes were significantly (P < 0.0003) larger for the 4 ms click interval 
than the 1 ms click interval. The Nlm peak amplitude significantly increased as the number of clicks increased, but 
leveled at 32 clicks when the click interval was 1 ms, and at 8 clicks when the click interval was 4 ms (by Wilcoxon 
signed-ranks test). The regression analysis of the number of clicks obtained the following expression: 

Nlm amplitude = 0.381 +0.415 X log(number of clicks) (click interval = 1 ms, P< 0.0001) 

N l m amplitude = 0.344 + 0.581 X log(number of clicks) (click interval = 4 ms, P < 0.0001) 
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Figure 4 displays the mean Nlm peak latency (across 7 subjects), as a function of the number of clicks. The 
NI m peak latencies were significantly (P < 0.0003) smaller for the 4 ms click interval than the 1 ms click interval. The 
Nlm peak latency significantly decreased as the number of clicks increased, but leveled at 32 clicks when the click 

interval was 1 ms, and at 8 clicks when the click interval was 4 ms (by Wilcoxon signed-ranks test). The regression 

analysis of the number of clicks obtained the following expression: 

Nlm latency = 109.7- 13.3 X log(number of clicks) (click interval = 1 ms, P< 0.01) 

Nlm latency = 105.5 - 19.7 X Iog(number of clicks) (click interval = 4 ms, P < 0.05) 


Discussion 

Jourstiniemi et al. reported that N1 m peak amplitude significantly increased as the number of clicks increased, 
and leveled at 20 - 40 ms [4]. In our results, the Nlm peak amplitude leveled at 32 clicks in block-1 (click interval = 1 
ms), and at 8 clicks in block-2 (click interval = 4 ms), i.e. the Nlm amplitude leveled off when the stimulus duration 
reached 32 ms. The Nlm peak latency significantly decreased as the number of clicks increased, and leveled at 32 
clicks in block-1, and at 8 clicks in block-2, i.e. the Nlm latency leveled at 32 ms stimulus duration. These results 
suggest that saturation mechanisms of the Nlm peak amplitude and latency are affected by stimulus duration rather 
than by number of onset /offset in the stimulus. Since both the Nlm peak amplitude and the latency reached saturation 
at 32 ms, each saturation of the NI m peak amplitude and the latency may be caused by the same mechanism. Increased 
synchrony of neuronal cells at the cortical level can explain this mechanism. 
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Introduction 

Auditory evoked potentials (AEP) has been recorded in EEG, and the responses in various latencies are 
recognized such as ABR, MLR, SVR. The most prominent peak of negative AEP occurs approximately 100 ms after 
the sound onset and is called N1 or N100. This appears the response in the auditory cortex. The magnetic homologue 
of N100 is called Ml 00, which is magnetic record of the same neuro-electric activity. 

The auditory evoked magnetic responses are triggered by the rise of sound (on-response). The Ml00 dipoles 
were located precisely on the upper surface of bilateral temporal lobes [1], where the auditory cortex is localized. 
The similar responses are also evoked by the cessation of sound (off-response). These responses have been studied 
by EEG and MEG. Off-responses are found to be more sensitive to stimulus spacing effects than on-responses 
because the unexpected change of state enlarges the responses [2]. One hypothesis is that on- and off-responses are 
manifestation of a common process that simply registers change in acoustical environment [3]. Striking similarities 
on the latency and the estimated source locations between the 100 ms deflections of the on- and off-responses 
support a similar hypothesis that Ml00 seems to reflect cortical activity related to any abrupt change in the auditory 
environment [4J. It is found that the recoding process signaled by on- and off-responses may be a dynamic form of 
plasticity in the auditory cortex with a time constant on the order of hundreds of milliseconds [5). 

In these former studies, the source location of the Ml00-off could not differ significantly from that of the 
MIOO-on. So, they have been explained the relationship of these two responses as manifestation of common process 
or a dynamic form of plasticity of same neurons. Now we analyzed the directions of the dipoles of MIOO-on and 
MIOO-off as well as the locations of the dipoles, to discriminate the sources of these on- and off- responses. 

Methods 

<Subjccts> Two normal hearing volunteers participated in this study. All subjects were right-handed, with no 
history of otologic or neurological disorders. Informed consent was obtained from each subject in accordance with 
the Declaration of Helsinki. 

<MEG system> The magnetic brain activities evoked by auditory stimulations were recorded with 64- 
channel MEG Whole-Cortex System (Whole-Head Squid Magnetoencephalography, CTF Systems Inc., Canada). 
This system includes a reference array for up to third order spatial gradient environmental noise cancellation. The 
MEG measurements were performed in a magnetically shielded room. The relative position of the subject's head to 
that of the MEG sensors was determined using three head localization coils attached at nasion and preauricular 
points on the subject's head [1]. The subjects sit in the chair while their heads were inserted in the helmet shaped 
dewar, with their eyes open, and the ear-tube was inserted into their right ears. 

<MRI system> The anatomical magnetic resonance images were obtained for the subjects using a SIEMENS 
1.5 Tesla MRI scanner. The three fiduciary points, identical to those used in MEG, were marked with small oil- 
containing capsules. The MR image consisted of 256 x 256 x 128 boxels with boxel size of 0.9 x 0.9 x 1.4 mm. After 
reconstructing three dimensional images, the MRI fiducial markers were co-registered to the MEG head localization 
coils in order to accord these two coordinate systems with MRI Viewer software. For source modeling purposes, the 
MRI head shape data was used to create the optimum sphere, based on the anatomy of the subject's head. 

<Stimuli> A sequence of off- and on-sounds, carrier frequency of 1000 Hz, and intensity of 60 dB nHL was 
presented 200 times to the right ear with an interstimulous interval randomized between 2690 and 3090 ms. (Fig. la) 
Auditory stimuli were generated by a magnetically silent piezoelectric loud speaker EARTONE®3A (Cabot Safety 
Corporation, Indianapolis) and delivered through short tube (80 cm). 

Acquisition Parameters> The MEG signals were digitized with 16bit AD convertor at 625 samples per 
second. Each trial was on-line filtered with 60 Hz notch filters and with low-pass filters under 200Hz and with offset 
removal on prestimulous baseline, and afterwards off-line filtered with high-pass filter over 5 Hz. 200 stimulus 
evoked events of 1.4 sec (including 80 msec pretriger baselines) were recorded and stored on the engineering 
workstation (HP9000). The fiducial coils were localized with 5 mm motion tolerance before and after run. 
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670 ms 
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2^0 - 3090 ms (randomized) 






Fig. 1: Stim sound sequence (a) and the recorded magnetic wave forms (b) 

The common time scale flies from left to right in both figures. 

The shown wave (b) are averaged magnetic records of all (64) channels. 

<Data analysis> The 200 trials were averaged and the auditory evoked magnetic wave forms were emerged 
(shown as Figure lb). Two equivalent current dipoles (ECD) were estimated on the bilateral auditory cortexes at the 
point of the most prominent peak near the latency of 100 ms by using SourccModel software (CTF systems Co.). 
The total error on each estimation was beneath 10 percent. The rectangular coordinate system was originated at the 
midpoint of both ear-markers, the x-axis was 
directed from the midpoint to the nasion-marker, 
and the z-axis are perpendicular to the plane 
containing all the markers. The polar coordinate 
system consists of the elements of azimuth, 
declination, and moment (Fig. 2). The locations 
of ECD's were shown on the rectangular 
coordinate system, and the directions and the 
moments on polar coordinate system. 

<Statistics> The difference of dipole 
coordinates between M 100-on and -off was 
statistically analyzed by two-tailed paired T-tcst 
through 8 runs in the subject ! and 11 runs in the 

subject-2. jTjg, 2: Coordinate system 


Table 1: Dipole Coordinates (average and standard deviation) 


Time 

X (R) 

Y(R) 

Z(R) 

A (R) 

D(R) 

M (R) 

X (L) 

Y(L) 

| Z(L) 

A (L) 

D (L) M (L) 

Subject-1 (n=8) 

OFF Average! 0.097 

0.58 

-3.90 

6.94 

39.72 

69.59 

-29.51 

-0.21 

3.47 

7.15 

-29.37 

75.09 1 -29.70 

: SD ; 0.007 

0.25 

0.69 

0.39 

6.48 

3.48 

11.37 

0.65 

0.79 ! 

0.74 

12.41 

8.82 14.68 

ON Average 0.761 

0.44 

-5.23 

7.11 

37.94 

52.96 

-12.50 

-0.60 

4.70 ! 

7.31 

-29.56 

56.16 j-13.75 

SD | 0.014 

0.28 

0.54 

0.47 

7.47 

4.38 

1.51 

0.89 

0.58 | 

0.99 

20.67 

12.26 4.48 

Subject-2 (n=l 1) 

OFF Average 0.090 

0.40 

-5.81 

5.42 

-0.17 

59.12 

-11.42 

-0.08 

5.47 

6.08 

3.42 

55.31 1-16.11 

SD | 0.007 

1.13 

0.56 

0.59 

16.78 

16.47 

4.00 

0.45 

0.64 

0.24 

6.98 

7.58 ; 3.27 

ON Average 0.761 

0.95 

-5.86 

5.69 

7.65 

42.65 

-10.57 

0.24 

5.87 ! 

6.12 

-5.59 

37.43 1-10.81 














Time is indicated in second, (X,Y,Z) in cm. A stands for azimuth, D for declination in degree, 
M for moment in nAm. (R) means the dipole in the right hemisphere, and (L) the left. 
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Results 

The plotted dipoles were superimposed on the structural MR image. Then the directions of the Ml00-off and 
those of the MIOO-on were apparently different from each other (Fig. 3). The averages and the SD's of dipole co¬ 
ordinates were shown in table 1. The locations were indicated in rectangular coordinates, and the directions in polar 
coordinates. The azimuth and the declination of the dipoles of M 100-on and -off were box-plotted in Fig. 4. The T- 
statistical results were shown in table 2. The Y-coordinates and the declination of the dipoles in the right hemisphere 
in the subject-1 were significantly different between Ml 00-off and -on, but there were no significance in subject-2. 
The declinations of off- and on-responce in the left hemisphere were statistically significantly different in all 
subjects. So the directions of the source dipoles are different. In the left hemisphere, contralateral to the stimulated 
ear, the direction of the dipoles were significantly different in both subjects. 


Table 2: Paired T-test of M 100-off and MIOO-on dipole coordinates. 


Sub J ecM Subject-2 

Mean Diff. DF t-Value P-Value Mean Diff. DF t-Value P-Value 


XoffR, XonR 

.134 

7 

.862 

.4170 


-.548 

10 

-1.308 

.2202 

YoffR, YonR 

1.331 

7 

5.524 

.0009 

* 

.049 

10 

.149 

.8847 

ZoffR, ZonR 

-.164 

7 

-1.177 

.2776 


-.277 

10 

-1.451 

.1775 

AoffR, AonR 

1.780 

7 

.800 

.4500 


-7.815 

10 

-1.258 

.2371 

DoffR, DonR 

16.629 

7 

8.863 

<.0001 

* 

16.467 

10 

2.683 

.0230 

XoffL, XonL 

.385 

7 

2.169 

.0667 


-.324 

10 

-1.554 

.1511 

YoffL, YonL 

-1.224 

7 

-2.907 

.0228 


-.405 

10 

-2.226 

.0502 

ZoffL, ZonL 

-.160 

7 

-.439 

.6740 


-.043 

10 

-.355 

.7300 

AoffL, AonL 

.198 

7 

.049 

.9621 


9.019 

10 

2.668 

.0236 

DoffL, DonL 

18.931 

7 

5.897 

.0006 

* 

17.879 

10 

5.353 

.0003 


The statically 
significant 
comparisons 
(p<0.001) are 
marked with 
"XoffR" stands 
for X coordinate 
of M 100-off in 
the right 
hemisphere, and 
other symbols in 
the same way. 


Discussion 

In the left hemisphere, contralateral to the stimulated ear, the direction of the dipoles were significantly 
different in both subjects. Pyramidal neurons generate excitatory postsynaptic potential (EPSP) in their apical 
dendrites. The neurons are arrayed vertically to the surface in the cortex (Fig. 5). According to the EPSP theory, the 
difference in there directions suggest the different pyramidal neurons in their sources. Hence the dipole locations in 
the left hemisphere were revealed to be different between MIOO-on and -off. Former studies cannot discriminate 
these dipole locations because they are too close. In our data, also the coordinates of locations were too close, but the 
directions clearly separated. 


Moreover, in right hemisphere of the subject-1, the 
Y-coordinates as well as the declination-coordinates are 
significantly different between Ml 00-off and -on. 
Difference in Y leads the difference in declination. This 
prove the properness of the theory on the other hand. 

The difference of the directions can be detected 
more sensitively than that of location-coordinates. We 
succeeded to distinguish the source locations by analyzing 
the dipole directions in the first time. The source location 
of the dipoles of off- and on-responses have been reported 
to refrect activity in the common neurons. These results do 
not support the hypothesis that the recording process 
signaled by on- and off-responses might be the dynamic 
form of plasticity in the auditory cortex, but suggest the 
different processing for these responses. This suggests the 
presence of off-neurons as well as on-neurons in the 
auditory cortex. 


These two neurons locate too close to identified 
from each other by MEG-location-estimate. 

But the direction of apical dendrites are apparently 
enough different by MEG-direction-estimate. 



Fig. 5: Source of the ECD's 
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Fig. 3: Plotted dipoles superimposed in the MR images 

(a) : Left-posterior view of the subject's head, black: dipoles of on-responses, white: off-responses 

(b) : Coronal slice of the MRI superimposed with the bilateral dipole colored in yellow. 

The balls indicate the location, the tails indicate the direction and moment. The directions of the 
Ml00-off and those of the MIOO-on are apparently different from each other. 



Fig. 4: Box Plot of the distribution of the azimuth and the declination of the dipole coordinate 

The statically significant comparisons (pcO.OOl) are marked with 

"AoffR" stands for Azimuth of Ml 00-off in the right hemisphere, and other symbols in the same way. 
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Auditory Evoked Neuromagnetic Fields: What Modulates the M100 Latency? 
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INTRODUCTION 

Functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) have emerged as 
powerful techniques to describe the spatial organization of human cortical brain function. Systems such as the spatially 
tonotopic organization of neuronal populations have been proposed to represent frequency or pitch information in terms 
of spatial location within the cortex. Spatial descriptions alone, however, may be insufficient. The purpose of this study 
is to investigate the temporal signature of neuronal responses to auditory stimuli. Specifically we address the influence 
of stimulus attributes, such as intensity, pitch and timbre on the latency of the M100 component of the auditory evoked 
neuromagnetic field. 

For sinusoidal tone stimuli it has been observed that the latency of the auditory evoked M100 peak, detected by 
MEG encodes the frequency of the tone stimulus. Low frequency tones (~100Hz) are associated with latencies 
approximately 30ms later than corresponding high frequency tones (~lkHz) across a wide range of signal amplitudes 
[1,2]. We demonstrate that the shift in the M100 latency can be attributed, in part, to the spectral energy distribution of 
the stimulus sound. While the spectral center of gravity or mean frequency component plays a dominant role in 
determining the ultimate M100 latency, sub-structural features of the spectrum, e.g. modulation frequency, or 
periodicity, also have an influence [3-5]. 

Using spectrally more complex tones of the same fundamental component, it can be shown that while the 
latencies for tones with 1kHz fundamental component are rather independent of spectral complexity, the latency elicited 
by tones of low (100Hz) fundamental component depends strongly on the waveform of the sound, with triangle waves 
and square waves showing less M100 prolongation relative to sinusoids. Interestingly, while the spectral center of 
gravity of triangle and square waves of the same fundamental component is rather similar (~3F0), the Ml00 latency 
prolongation of tones with 100Hz fundamental component (relative to tones with 1000Hz fundamental component) was 
more marked for the triangle waves than for the square waves. One hypothesized explanation for this lies in the 
overtone separation for the two waveforms: for triangles all harmonics are present (thus the overtone separation is equal 
to F0), for square waves only odd harmonics are present (thus the overtone separation is equal to 2F0). Thus the 
structure of the spectral energy distribution can be seen to be significant [3]. 

Further, amplitude modulated (AM) tones have been used to probe the phenomenon of stimulus attribute 
encoding in the M100 latency [4,6]. A carrier frequency of 1000Hz and a modulation frequency of 100Hz at 200% 
modulation depth (suppressed carrier modulation tone) gives rise to a waveform which can be described in terms of 
equal amplitude spectral lines at 900Hz, 1000Hz and 1100Hz. These frequencies independently all fall within the high 
frequency plateau of the initial M100 observations and would be expected to give rise to relatively short M100 
latencies, at approximately 100ms. However, these stimuli give rise to the perception of the modulation frequency, 
analogous to the missing fundamental effect [7]. That is, despite the absence of low (~100Hz) spectral energy in the 
waveform, there is nonetheless a clear perception of a low frequency element. Resultantly, M100 latencies were found 
to be prolonged relative to those arising from the corresponding pure sinusoidal signal (presented at the carrier 
frequency). While this raises the possibility of a perceptual relevance in the M100 latency encoding, it can be easily 
explained by arguing that the spectral substructure, particularly periodicity, further conditions the response latency 
subsequent to its initial determination by the spectral center of gravity (analogous to the above arguments for triangle 
vs. square waveforms of low fundamental frequency). 

Similar experiments with speech stimuli, specifically vowels, demonstrate a main effect of M100 latency 
variation with phoneme identity (i.e. /a/ versus /u/), with only a sub-effect of speaker pitch [8,9]. This too has an acou¬ 
stic explanation: the phonetic identity of the vowel is largely determined by the position of first formant energy (Fl= 
310Hz for /u/, Fl=710Hz for /a/) and this energy band dominates the spectral waveform in intensity terms. Thus, while 
the M100 latency can be seen to be sensitive to a variety of acoustic stimulus attributes, with musical and linguistic 
relevance, it is still unclear whether the M100 latency encoding mechanism relates to or mediates perceptual repres¬ 
entations independent of signal properties, or whether it simply reflects the accumulation of acoustic stimulus paramet¬ 
ers, combined with a simple spectral analysis - elements that are integral to, but precede further perceptual elaboration. 

To further investigate the contribution of perceptual quality versus spectral content on M100 latency, we created 
stimuli consisting of additive mixes of 100Hz and 1000Hz sinusoidal tone components of various relative amplitudes. A 
series of two-tone complex stimuli were generated each with a different amplitude contribution of high and low 
frequency elements. Behaviorally these stimuli are classified categorically [10]. That is, presented with a stimulus 
continuum varying along one axis (relative amplitude of 100 versus 1000Hz), a two-state representation emerges, with 
only a narrow step that correlates with perceptual ambiguity. A spectral acoustics argument predicts a smoothly varying 
M100 latency derivable from the relative contributions of low frequency (long latency) and high frequency (short 
latency) elements. On the other hand, perceptual classification begins to become increasingly independent of stimulus 
features, one might anticipate a more categorical result corresponding to two M100 latency plateaus and only a sharp 
interface region. 

MATERIALS AND METHODS 

Studies were performed in healthy volunteers, with the approval of the institutional committee on human 
research and with informed consent. Stimuli were generated either using a Mac Quadra 800 computer or a Wavetek 395 
function generator (Wavetek, San Diego, CA) and were presented monaurally to the right ear at lsec intervals to the 
subjects, using Eartone ER3A transducers (Etymotic). MSI was performed using a 37-channel biomagnetometer 
(Magnes, BTi, San Diego, CA), with the sensor array positioned over the subjects’ left temporal regions. Epochs of data 
were sampled at 1kHz per channel over 600ms: 100ms pre-trigger, 400ms stimulus and 100ms post-stimulus. After 
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artifact rejection, epochs were averaged (time-locked to stimulus onset). At least 100 trials of each stimulus type were 
averaged. Evoked responses were filtered (l-20Hz passband) and the M100 component identified as that peak of 
neuronal coherence (maximum evoked field) arising between 80 and 150ms post stimulus onset The cunrent source of 
this peak was modeled as a single equivalent current dipole (SECD) using iterative non-linear least squares fitting of the 
Biot-Savart “forward equation” for magnetic field at the sensors. The co-ordinates of the source were transformed into 
the MRI reference frame (for overlay on 3D MRI), by the identification of external anatomic fiducial markers. 


RESULTS 

For sinusoidal tones of varying frequency, the M100 latency was found to vary in a similar manner in every 
subject, with low frequencies being associated with longer latencies than higher frequencies (Fig. la). Above 500- 
1000Hz, a latency plateau is attained. No further encoding is resolved. This observation forms the basis of the 
subsequent investigation: what stimulus attributes and perceptual qualities are reflected in the M100 latency variation? 


a) 


b) 




10 15 20 26 30 35 40 45 50 

STIMULUS INTENSITY (sensation level) 

Fig.l. The M100 latency of the evoked response varies with stimulus frequency (a) and intensity (b). 


Stimulus intensity also modulates the M100 latency. Our results (Fig. lb) confirm the longer latencies associated 
with lower presentation levels. We note a latency plateau at stimulus presentation levels above ~30dB SL. The imp¬ 
lication of this is that above moderate stimulus presentation levels, slight variations in stimulus intensity are unlikely to 
affect M100 latency. Error bars in Fig. lb indicate the standard deviation of latency determinations in a single subject, 
who underwent identical recording on 4 occasions. In each scan, 100 evoked responses were collected and averaged for 
M100 latency determination. Standard deviations of approximately 5ms effectively limit the precision with which 
latency determination can be made, and thus provides a limit to the resolution of stimuli with differing attributes. 
Interestingly, despite potentially ambiguous influences on M100 latency (both stimulus intensity and frequency affect 
the latency), it can be seen in Fig.2 that, at any given sensation level, the frequency dependent form of the M100 latency 
is preserved. Thus, if stimulus intensity is known, M100 latency could still be used to identify the stimulus frequency. 



MB SL lOdBSL 20dB SL 

STIMULUS INTENSITY (sensation 

Fig.2. The frequency dependence of the M100 latency is preserved at each presentation intensity 


Most sounds do not consist of a single unique frequency component, however. In the case of a waveform with 
multiple spectral components, how is the M100 latency determined? Fig.3a shows the M100 latency observations in 
response to stimuli of different waveforms (sinusoid, triangle, square), with fundamental components at 100Hz and 
1000Hz. The triangle wave adds harmonic energy at integer multiples of the fundamental component (i.e. 200, 300, 
400, 500 ... Hz, for thelOOHz fundamental component). The square wave includes energy at odd-integer multiples of 
the fundamental component (i.e. 300Hz, 500Hz, 700Hz). Both waveforms can thus be seen to contain higher frequency 
energy contributions than the reference sinusoid. For tones with 1kHz fundamental component, the inclusion of 
components at higher frequencies does not affect M100 latency, since frequencies above 1kHz are all in the “short 
latency plateau”, (see Fig. la). However, for tones with fundamental component 100Hz, the addition of energy at higher 
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frequencies (associated with shorter latencies), gives rise to an overall diminished M100 latency, compared to the 
sinusoid. Latency prolongation relative to the 1kHz tone of the same waveform is still evident, but the dynamic range of 
the effect is attenuated (~30ms for sinusoids, ~20ms for triangle waves and ~10ms for square waves). 

To further probe the role of spectral energy distribution, amplitude-modulated tones were used. These are 
characterized by a carrier frequency, f c (which was varied in the range 500Hz to 1500Hz) and a modulation frequency 
(which was held constant at 100Hz). Using 200% modulation depth (suppressed carrier modulation), the resulting 
spectral energy distribution of the tone consists of three equal amplitude lines at f c and f^f,,,. For a carrier frequency of 
1000Hz, and a modulation frequency of 100Hz, this corresponds to spectral lines at 900Hz, 1000Hz and 1100Hz. Each 
of these frequencies is in the “short latency plateau” and therefore the combination of the three might be expected to 
give rise to an M100 latency not different from any individual component (e.g., the sinusoid at the carrier frequency). 
However, in Fig.3b, it can be seen that for all carrier frequencies, the AM tone gives rise to a longer M100 latency than 
the corresponding sinusoid at the carrier frequency. On average, the latency prolongation is approximately 5ms. For a 
carrier frequency of 1000Hz, the M100 latency prolongation is statistically significant (p<0.05) at 7.6ms. 



b) 



Fig.3. The latency of the M100 component of the evoked response varies with stimulus spectral richness. 


To investigate the above-described spectral influences on M100 latency with realistic speech sounds, 3-formant 
vowels were synthesized. In terms of energy, the spectrum is dominated by FI (which largely determines phonetic 
character). Pitch is determined from F0. M100 latency shows a main variation with phonetic character, (M100 latencies 
arising later in response to IvJ than to /a/) with a sub-effect of pitch. This can be rationalized by considering the spectral 
energy distribution to be dominated by the first formant, FI. For the lul sounds, FI is approximately 300-400Hz (i.e. 
relatively low frequency, long latency) whereas for the /a/ sounds FI is approximately 700-800Hz (see Fig.4a) and thus 
associated with a somewhat shorter M100 latency. As a secondary effect, the pitch of the voice (100Hz for male, 200Hz 
for female), causes a further prolongation for male utterances compared to the corresponding female). 


a) 


Stimulus 

F0 

FI 

F2 

F3 

/a/ male 

100 

710 

1100 

2540 

/a/ female 

200 

850 

1220 

2810 

/u/ male 

100 

310 

870 

2250 

lul female 

200 

370 

950 

2670 


b) 



/a/male /a/female Aj/male Aj/ female 
SPEECH SOUND 

Fig. 4. Synthesized vowels, (a) formant parameters, (b) M100 latency as a function of phonetic character and pitch 


Behavioral data (representative individual, Fig. 7ab) shows that a continuum of sounds containing additive mixes 
of 100Hz and 1kHz sinusoids in various proportions are perceived categorically. Interestingly, the M100 latency (n=9. 
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Fig. 7c) appears to be characterized by two “plateau” regions (with latencies representative of “pure” 100 Hz and 1kHz 
respectively) separated by a sharp transitional interface. Thus the M100 latency data appears to reflect the perceptual 
quality of the sound continuum. 





dB difference (100Hz - 1kHz) 

Fig.5. Hallmarks of categorical perception in a one-dimensional continuum: (a) classification, (b) reaction time. 
Note M100 latency behavior (c) appears analogous to the classification (a), i.e. categorical. 


DISCUSSION 

M100 latency provides a powerful encoding mechanism, sensitive to physical attributes of the stimulus, but also 
to some perceptual qualities. The degree to which the perceptual quality is predictable from the spectral features is 
central to the interpretation of M100 latency variation - either as an indicator of accumulated acoustic parameters, in the 
pre-perceptual pathway, or rather as an evoked response, modulated by perceptual feedback. 

Although some prior data suggests the M100 latency is dominated by the spectral energy distribution of complex 
tones [4], it has been shown that the M100 latency is further modulated according to a secondary spectral analysis [3]. 
This explanation accounts for differing latency prolongations observed with triangle and square wave stimuli of the 
same fundamental component and similar spectral center of gravity. Also, this explanation allows for the prolongation 
of M100 latency in response to amplitude modulated tones relative to sinusoids of the carrier frequency. Interestingly, 
this spectral sub-structure analysis corresponds to a subjective perception of the low modulation frequency. So, based 
on data from triangles, square and AM tones, it is unclear whether the M100 latency is determined by an acoustic 
analysis (allowing contributions of both center of gravity as well as substructure or periodicity) or by a perceptual 
processing stage which recognizes a sound’s timbre or the presence of the “missing fundamental”, respectively. 

Data from the two-tone additive mix rather supports the involvement of further perceptual processes having a 
role in M100 latency determination, since the psychophysical phenomenon of categorical perception is paralleled by a 
“categorical” shift of M100 latency between two extreme plateaus. 

The nature of the perceptual specification of the electrophysiologic response latency remains unclear, and the 
early appearance (~100ms) of such involvement may appear somewhat surprising. Further investigation along these 
lines must evaluate the relative importance of perceptual versus purely acoustic contributions to the M100 component 
of the evoked response. Analogous investigation of earlier and later evoked response components (e.g. the M50/M60 
and M200 peaks) may also offer insight into the timing of the feedback and/or spectral analysis processes. 
Magnetoencephalography offers the appropriate temporal resolution to document these studies, while also offering an 
opportunity for resolving differences in spatial origin of evoked response contributions. 
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Introduction 

While examining different language tasks using MEG, similar areas of the brain were activated in 
response to both words and tones. Traditionally, tones have been considered to be very simple auditory stimuli 
which require very little, if any, processing beyond the primary and secondary auditory cortex. Words, on the other 
hand, obviously require more complex processing in the brain in order for the subject to interpret the meaning of 
the word. Previous MEG language studies have found that responses to word stimuli localized to the auditory 
cortex [1]. Parietal activity was reported previously in response to auditory stimuli when measuring the response 
with a whole-head MEG system [2]. Recent fMRI [3] and PET [4] results show that many different areas of the 
brain are active in response to word generation tasks, including parietal lobe and posterior cingulate cortex. 
However, similar source locations were not reported for tones. In analyzing MEG responses to binaural and 
dichotic language tasks, two unexpected sources were found in response to both words and tones. A parietal source 
and a medial cingulate source were noted in addition to the primary auditory sources. 

Methods 

Two different auditory studies were presented to seven normal human subjects (4 males and 3 females). 
The first task (binaural task) consisted of a 1000 Hz tone presented as an alerting stimulus prior to a set of two 
words presented in sequence. Each of the three stimulus types were presented binaurally. Subjects were instructed 
to manually respond to the decision of whether the two words were or were not semantically related by pressing 
the left or right mouse, respectively. In the second task (dichotic task), subjects were presented with a set of 
binaural 2000 Hz tones prior to and following a dichotic listening task. In the dichotic listening task the subjects 
were presented two words, one to each ear simultaneously ; and the subject was instructed to silently decide if the 
words were/were not semantically related. The dichotic task did not require any manual response. The stimuli in 
both tasks were presented with a randomized ISI of 1.5 seconds. The responses to the two tasks were measured 
with a Picker/Neuromag 122-channel whole head planar gradiometer system. The data were digitized at 300 Hz and 
were band-pass filtered 0.1-100 Hz. The responses were on-line signal averaged over 100 trials. The analyses were 
performed using two different multiple dipole spatio-temporal modeling techniques in order to fully characterize the 
auditory response to the words and tones. Both techniques (Recursively applied Multiple Signal Classification 
(RMUSIC) technique [5] and the Multi-Start downhill Simplex method (MSST) [6]) are more objective than 
traditional dipole fitting techniques in the sense that they do not require user-supplied starting values. An 
additional advantage of using the two techniques is that they apply fundamentally different algorithms to localize 
the dipoles, thereby providing additional confidence in the localized sources. The MEG source localized dipoles 
were then super-imposed on the subjects anatomical MRI. The MRIs were acquired using a Picker Outlook (0.23 
T) scanner. 

Results 

The expected primary auditory sources were localized in all subjects. In addition, parietal and cingulate 
sources were active during the early (60-140 ms) and late (300-600 ms) time intervals that were analyzed. 
However, the cingulate source was found more often during the late activity. Examples of cingulate and parietal 
sources found in response to different stimuli can be seen in the following figures. The binaural first word refers 
to the word presented first in the sequential pair of words as described in the binaural task. The first word had to be 
retained in memory while waiting for the second word. The match condition refers to word pairs that were 
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semantically related in both the binaural and dichotic task. The non-match condition was not analyzed for either 
task due to a low amplitude, highly variable response caused by fewer averages. 

An example of the primary auditory sources can be seen in Figure 1. Parietal and cingulate sources can 
be seen in all of the following 8 figures. Some particular patterns stand out across subjects as seen in the 
following pairings. An early parietal source for binaural match word is shown in two subjects in Figures 1 and 2. 
An early cingulate source for a tone and word stimulus is shown in two subject in Figure 3 and 4. Figures 5 and 
6 show both early and late parietal for tones and words. Figures 7 and 8 show both late cingulate and late parietal 
activity for two different subjects. 



Figure 1. Subject CE. Early bilateral primary 
auditory and parietal sources in response to 
dichotic match word (large dots), binaural first 
word (square), and binaural match word (large 
triangles). 



Figure 2. Subject JM. Early parietal sources in 
response to binaural first word (square) and 
binaural match word (large triangle). 



Figure 3. Subject JS. Early cingulate and 
primary auditory sources in response to dichotic 
match word (large dot) and dichotic tone (small 
dots). 



Figure 4. Subject SC. Early cingulate and 
primary auditory sources in response to binaural 
match word (large triangles). 
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Figure 5. Subject JS. Early parietal and primary 
auditory sources in response to dichotic match 
words (large dots), dichotic tone (small dots) and 
binaural tone (small triangles). 



Figure 6. Subject CE. Late bilateral auditory 
and parietal sources in response to dichotic tone 
(small dots). 



Figure 7. Subject OB. Late cingulate and 
parietal sources in response to binaural first word 
(square) and binaural match word (large triangles). 



Figure 8. Subject SC. Late cingulate and 
parietal sources in response to dichotic match 
word (large dot), binaural first word (square), and 
binaural match word (large triangle). 


Conclusions 

The results shown above suggest that the both words and tones activate similar areas during both early and late 
time intervals. Since the dichotic tone is presented in blocks of 50 before and after the dichotic listening task this 
stimulus acts as a passive control stimulus. Considering the cingulate and parietal locations are also active in 
response to the dichotic tone, it appears that these areas are not strictly active during tasks requiring focused 
attention. Based on the timing of the cingulate source and on previous results [7] it appears that the cingulate 
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cortex is active during all primary sensory responses including auditory , visual, and somatosensory. The parietal 
lobe has also been activated by different modalities suggesting that it is one place that information converges in 
the brain. The early (80-120 ms) parietal activity implies that this convergence of information does not occur in 
series with the early primary processing but in parallel. The early parietal source may not be seen in all cases due 
to the relative strength of the primary auditory and parietal sources. These results show that words and tones are 
both processed in a complex manner and activate similar areas of the brain. 
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Introduction 

Good timing is always needed for the execution of skilled movements and many experiments have been devoted 
to studying the cerebral processes related to timekeeping: auditory pattern recognition [1,2], rhythmic perception [3,4] 
and time perception as connected to timing ability in sensorimotor synchronization tasks [5,6,7,8,9] are some of the 
more investigated issues. All the studies cited above, though, have used behavioral responses as the observable 
parameters characterizing human ability to process and discriminate rhythmic patterns. Since results based exclusively 
on behavioral performances are often conflicting due to the high variability of some psychophysical measurements, an 
direct analysis of the brain functional activation related to auditory-motor synchronization with elevated time- 
discrimination is obviously of major importance. 

In the present study we have used magnetoencephalography (MEG) to investigate the response of the human 
auditory system to incoming rhythmic stimuli. The study was triggered by the experimental evidence that subjects 
required to tap their fingers in synchrony with a rhythmic metronome sequence, spontaneously adjust their tapping to 
perturbations of the rhythm frequency even when these perturbations are so small that they do not consciously detect 
them [9]. 

MEG has been largely used in the past to study the response of the auditory system to tone and its spatial 
identifications of the activated areas have been precisely related to anatomical structures imaged by MRI. MEG has also 
been used to study the effects of more complex auditory stimulation. In contrast, only a few studies have been devoted to 
the brain processing of auditory stimuli characterized by rhythm variations. In 1993 Pantev and co-workers [10] 
investigated auditory fields evoked (AEFs) by brief tone pips at different stimulus rates (0.125 - 39 Hz). In that work an 
indication was given of a parameter characterizing the AEFs when the auditory system switches from transient to steady- 
state response. 

Our study aimed at characterizing more accurately the response of the primary auditory cortex to different 
interstimulus intervals (ISI) in the attempt to identify those components that are possibly involved in processing the 
sensory stimulus to produce the motor synchronization. 

Methods 

Ten healthy volunteers (35-45 years old, 7 male, 3 female, all right-handed) were enrolled in the study after having 
obtained their informed consent. Stimuli consisted of sequences of acoustic tone bursts (30 ms long, 2000 Hz frequency, 
2 rise time cycles, intensity of 70 dB sound pressure level above threshold) delivered to the subject's right ear in blocks, 
each characterized by a different ISI and a random duration between 15 and 25 sec. Two sets of measurements were 
performed, both starting from a central ISI value of 500 ms. In the first set the stimulus ISI varied from block to block 
by 20% of the central frequency (e.g. 500, 400, 500, 600, ... ms, in random order but always with 100 ms step between 
different ISI). In the second one the stimulus ISI varied by 2% (e.g. 500, 490, 500, 510, ... ms). In neither case subjects 
were to perform any movement during the stimulation but they were asked to mentally count how many times the ISI 
changes occurred. 

The spatial distribution of the brain magnetic field over the scalp was measured with the 28-channel system 
available at IESS-CNR featuring 16 first-order axial gradiometers (1.8 cm coil diameter and 8 cm baseline), 9 
magnetometers (pick-up area 81 mm 2 ) and 3 balancing magnetometers for noise cancellation coupled to low noise dc- 
SQUIDs, with an overall sensitivity of about 5-7 fT • Hz 1/2 . The 25 sensors are uniformly distributed (about 2.5 cm 
apart one from each other) over a spherical surface covering an area of about 180 cm 2 . All measurements were 
performed inside a magnetically shielded room (Vacuumschmelze GMBH). The array of sensors was positioned over 
the right mid-temporal lobe, centered 2.5 cm above the T4 position of the 10-20 International EEG System, then 
recording the auditory evoked fields (AEFs) contralateral to the stimulated ear. The exact position of the array with 
respect to the subject’s head was determined by using five current-fed coils attached onto anatomical landmarks of the 
head (nasion, the two preauricular points, vertex and inion), whose 3D positions were digitized at the beginning of the 
recording session. The entire recording procedure lasted about 1 hour and a half. 
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About 500 artifact-free trials were acquired (1 kHz sampling frequency, 0.48 - 250 Hz bandwidth). Data recorded 
in each block of constant ISI were averaged and expressed relative to a baseline represented by the mean of the time 
interval between two successive stimuli. One half of the data relative to the “central” ISI stimulation were discarded in 
order to obtain averages with the same number of traces for each ISI. Two components of the AEFs were studied in 
particular: one elicited at about 40 ms after stimulus onset (N40m) and another elicited at about 100 ms (NIOOm). These 
components are known to be related to ISI changes: in [10] it is shown that their intensities decrease with decreasing 
ISIs when the latter are in the range from 8 sec to 1 sec and that the NIOOm disappears when the ISI is as low as 0.1 sec, 
as the brain approaches a steady state in which the single components disappear and the brain shows an oscillatory 
response. We studied the amplitudes of the N40m and NIOOm components as functions of all the ISI used. The signal's 
amplitude was defined as the difference between maximum and minimum signal peaks in those channels which detected 
the strongest signal. 

A fixed single Equivalent Current Dipole (ECD) inside a homogeneously conducting sphere model was used to 
localize the generators of these two components, using the field distribution in a 20msec-wide interval centered at the 
time instant that showed maximum total power for each component to calculate the ECD position and strength. 
Localization results were accepted only if their explained variance was above 90%. The ECD position was expressed in 
the individual cartesian coordinate system defined as follows: x-axis passing through right and left preauricular points, 
outgoing rightward, the positive y-axis through the nasion, and the z-axis perpendicular to the point of bisection between 
x- and y- axes. 

Results 

No subject was able to identify the ISI changes when they were 2% of the "central" frequency, whereas all 
subjects counted the changes correctly when the ISI variation was 20%. 

Responses showed subject-dependent characteristics related to the individual brain's capability to return to its 
relaxation state. Fig.l represent one subjects for whom this is most evident, and shows an AEF morphology generally 
typical of ISIs greater than 1.5 sec, i.e., long enough to allow a complete return of the brain to its relaxation state before 
the arrival of the next stimulus. The fact that this subject shows this type of morphology in response to much lower ISI 
indicates a rather rare (2 out of 10 cases) capability of his brain to return quickly to its relaxation state. In other six 
cases, the morphology displays a N40m becoming larger than the NIOOm. The remaining 2 subjects showed an 
"intermediate" morphology with the N40m and the NIOOm of about the same intensity. 



ms 


Fig.l AEFs of one subject during the different ISI values. Top) first measurement set with 20% ISI 
change; bottom) second set with 2% ISI change. Tone burst starts at time zero. 

About NIOOm, results show that a significant increase of the NIOOm intensity was generated by increasing ISI 
both when the latter varied by 20% (Fig. 1 top row), which was always correctly identified, and by 2% (Fig. 1 bottom 
row), which instead was never detected by any of the subjects. Statistical significance was verified by means of a paired 
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one-tail t-test which delivered the following values: ISI 500-»400ms pcO.OOl, 500->600ms p<0.001, 500-»490ms 
p<0.005, 500-»510ms p<0.05. Figure 2 shows the grand average over all subjects of the NIOOm amplitude. Localization 
of the cortical generators of this component showed a complete stability of the source position and latency when 
changing the stimulus ISI, every times the explained variance was greater than 90%. In all these cases, the source 
strength showed the regular decrease in relation with the ISI decrease, explaining the NIOOm intensity variation. 

The N40m intensity did not show any regular relationship with the ISI, either for 20% ISI variations or for the 
2% ones. 



ISI (ms) 


• 20 % 
▲ 2 % 


Fig.2 Grand average over all subjects of the NIOOm amplitude normalized to ISI 500 ms. 


Discussion 

Interpretations of the extensive variety of experimental results on how repetitive external stimuli timed in the 
range from tens to hundreds of milliseconds are processed by the brain have generated so far two main hypotheses 
regarding the physiology of time perception and discrimination. Some researchers believe that the neuronal pathway that 
connects the ear to the auditory cortex, synapsing in the superior olivary nucleus, in the inferior colliculus and in the 
thalamic medial geniculate nucleus represents a neuronal network intrinsically able to process temporal information. 
Others instead claim that such a network needs the interaction with a specific neuronal ring circuitry involving the basal 
nuclei, which functions as an ‘internal clock’ on the time scale of seconds, a system similar to the circadian timing 
system which works on the scale of many hours to a day. 

Support for the first hypothesis comes from the works of Buonomano and co-workers [11,12]: their direct 
intracellular recordings from hippocampal slices have shown that as a temporal activity pattern flows through a neuronal 
layer, a temporal-to-spatial transformation takes place in that layer. In fact, hippocampal neurons respond selectively to 
the first or second of a pair of input pulses, thus transforming different temporal information into the activity of different 
neurons. Moreover, human studies on generalization properties of auditory temporal discrimination tasks involving 
learning have shown that the neural mechanisms underlying learning are temporally but not spectrally specific [13]. 

Evidence that seems to support the second hypothesis has been produced by different kinds of experiments: for 
example, using functional magnetic resonance imaging to study how humans are able to follow external sounds, Rao and 
coworkers [14] showed the activation of the right inferior frontal gyrus, which is functionally interconnected with the 
auditory cortex and the superior temporal gyrus mediating auditory sensory memory. Also studies on the dependence of 
the ability to evaluate temporal intervals on temperature [15], as well as on the effects of excitatory or inhibitory 
substances [16,17,18] support the existence of an internal timekeeping system independent of motor implementation or 
feedback mechanisms [19,20]. 

In the present work we have shown that the intensity of a specific component (NIOOm) of the magnetic fields 
evoked by timed auditory stimuli increases when the time interval between stimuli increases. In particular this NIOOm 
behaviour was due to the strength increase of a cortical generator stable in position and latency, indicating that the 
number of neurons involved in the response is changing, within a fixed neural pools. The ability of the primary auditory 
cortical area to process the temporal characteristics of the incoming stimuli seems to support the hypothesis that specific 
neural networks are intrinsically able to process temporal information. It is natural to believe that the subcortical relays 
preceding the primary auditory cortex may contribute to generate the pattern of activity found at primary cortical levels. 
It is worth noticing that a link between the NIOOm intensity and temporal stimuli characteristics was also found by 
Imada and coworkers [21] by demonstrating the dependence of this component on the pause duration immediately 
preceding the stimulus arrival. 

We found no regular variation of the N40m component. It is known from electrical recordings that this 
component originates both in cortical and subcortical areas as demonstrated by data from patients with bilateral 
temporal lobe infarction who continue to be capable of generating it [22]. In particular Kraus and collaborators [23] 
demonstrated the different behavior of temporal lobe- and midline-recorded correlates of the N40 component in guinea 
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pigs: increasing stimulation rates decreased the amplitude of the temporal components and did not affect the midline- 
recorded response. Previous MEG studies [24, 10] showed that the source of N40 ECD is located significantly more 
anterior and medial than the one of the NIOOm, supporting the notion of its origin in subcortical areas; nevertheless, no 
systematic behavior of its intensity with ISI changes was detected. This could be due to unfavorable directions of the 
dipolar sources located in the temporal lobe and probably within the polymodal thalamus. 

Our results clearly showed that the auditory system discriminates temporal variations of the incoming stimuli, 
even when the subject does not identify them consciously. The fact that subjects are able to synchronize their tapping to 
these changes - as described in [9] - seems to indicate a different capability of the motor system to use information from 
the auditory system with respect to the auditory associative areas involved in the recognition task 

In conclusion, our results cast new light onto brain mechanisms underlying rhythmic perception and will be 
followed by a deeper insight in the brain processing connecting auditory responses and construction of motor 
performance. 
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Introduction 

The mechanisms of brain reaction to an alteration of the physiological amount of sensory inflow have been 
studied in the auditory system in animals showing neuronal reorganizations at different relays of this sensory pathway, 
induced both by cochlear selective lesions [1, 2] and conditioning stimulations [3, 4]. Moreover in animals cortical 
interference with auditory function have been reported via intracortical microstimulation [5, 6, 7] or transcranial 
stimulation [8]. In humans cerebral reorganizations of the auditory system have been studied in pathological conditions 
in adult [9] and children [10]. 

In the present study plasticity phenomena possibly occurring in the primary auditory cortex of otosclerotic 
patients before and after corrective surgery have been investigated. In this transmissive middle ear deficit a progressive 
hearing impairment is caused by the stapes footplate becoming locked in place due to the growth of the bone around the 
annular ligament, thus binding it to the oval window. No damage of sensorineural pathways is present. Nowadays 
surgical procedures have been developed able to repair this kind of hearing loss by platinotomy and stapes substitution 
[11, 12]; thus it is possible to examine the patients before and after the total or partial recovery of hearing function and 
the reversibility of the eventual cortical reorganizations can be assessed. 

The effects of this long-lasting conductive hearing loss, and the impact of corrective surgery have been studied 
by magnetoencephalography (MEG). This technique has been used to non-invasively demonstrate in humans the known 
cortical tonotopic organization of the primary auditory cortex [13, 14]. In our otosclerotic patients, the tonotopic 
organization of the cortical representation of the most affected ear has been characterized by MEG. 

Methods 

Ten patients suffering from otosclerosis (5 M, 5 F, age range 27-53 years, 4 most affected right ear, 6 left ear) 
and 10 normal hearing subjects (6 M, 4 F, age range 29-46 years) were enrolled for this study, after having obtained 
their informed consent of the experimental protocol approved by the local Ethical Committee, in accordance with the 
Declaration of Helsinki. Patients were diagnosed as having hearing troubles for a period lasting 1.5 to 5 years (mean 2.8 
± 1.3). All the patients and control volunteers were right-handed. 

All subjects underwent clinical audiometric examination by measuring pure-tone air and bone hearing thresholds 
at the octave frequencies between 250-8000 Hz: all controls had thresholds lower than 15 dB Sound Pressure Level 
(SPL) - this scale is going to be used throughout- and otosclerotic hearing loss was diagnosed if an air-bone thresholds 
gap of 20 dB or more was found. Impedance tests (timpanometry and stapedial reflex threshold) were also performed, 
and acoustic reflex was absent in all cases. All patients underwent a surgical operation consisting of platinotomy and 
stapes substitution by a Shea platinum-teflon piston [11]. Pre- and post-surgery audiological features are shown in Table 
I. Successful recovery on follow-up was defined when post-operation air-bone gap dropped to less than 20 dB. 


Table I. Average auditory air and bone thresholds (dB SPL) at the four frequencies used for the MEG 
study, before and after surgery. Before surgery the audiometric thresholds correspond to masked 
stimulation. _ 



PRE 

POST 

250 Hz 

500 Hz 

1000 Hz 

2000 Hz 

250 Hz 

500 Hz 

1000 Hz 

2000 Hz 

air 

54 

55 

56 

49 

23 

20 

24 

26 

bone 

17 

20 

23 

26 

11 

12 

13 

15 


Patients were studied before operation and after the post-operation recovery was completed, i.e. following the 
clinical audiometric post-operation control examination. Auditory stimulation was performed by pure tone bursts 
(duration 300 ms, rise time 2 cycles, interstimulus interval 2641 ms) with carrier frequencies of 250, 500, 1000, 2000 
Hz presented to the most affected ear (the right ear for normal hearing subjects). Tone-burst amplitude was set at 50 dB 
above the subject's hearing threshold for each frequency. 

MEG recordings were performed by a 28-channel system [15]. This apparatus features 16 firsj-order axial 
gradiometers (1.8 cm coil diameter and 8 cm baseline) and nine magnetometers (pick-up area 81 mm ) plus three 
balancing magnetometers for noise cancellation coupled to low-noise dc-SQUIDs with an overall sensitivity of about 5- 
7 fT/(Hz) ,/2 . The 25 measuring sites were regularly distributed on a spherical surface covering an area of about 180 
cm 2 . A single sensor position was used to record the AEFs, centered over the mid-temporal lobe contralateral to the 


©1999, Tohoku University Press 
Recent Advances in Biomagnetism 
T. Yoshimoto et al. (Eds) 


545 


















stimulated ear. Exact dewar position with respect to the subject's head was detected by using five coils attached on 
anatomical head landmarks (nasion, the two preauricular points, vertex and inion), whose 3D-positions were digitized at 
the beginning of the recording session. The entire recording procedure lasted less than 1 hour. 

One hundred artifact-free trials were acquired (0.48 - 250 Hz bandwidth, 1 KHz of sampling rate) and averaged 
for each stimulation frequency. AEF’s amplitude was calculated for each channel with respect to a baseline level chosen 
as the mean value between 50 ms before and 20 ms after the stimulus onset. The stable AEF deflection around 100 ms 
(M100) has been studied. 

The cortical generator subtending Ml00 component has been localized using the single Equivalent Current 
Dipole (ECD) model inside an homogeneously conducting sphere. The field distribution 7 ms before and 7 ms after the 
peak of the M100 was used to calculate the ECD position and strength using a fixed dipole model. Localization results 
were accepted only if the explained variance was above 90%. The ECD position was expressed in the individual 
cartesian coordinate system, defined as follows: x-axis passing through right and left preauricular points, outgoing 
rightward, the positive y-axis through the nasion, and the z-axis perpendicular to the point of bisection between x- and 
y- axes. Notice that in this reference system the x-coordinate is simply related to the source depth. When averaging data 
across different subjects, the x coordinate was normalized to a standard head (width 144 mm). The extension of the 
tonotopic representation was calculated as the x-coordinate difference between 250 and 2000 Hz. 

ANOVA tests were used to state if the cortical sources characteristics were significantly different in normal 
hearing subjects and in patients before and after operation. The association between MEG findings and clinical history 
was evaluated by means of Spearman’s rank correlation coefficient (r s ). Throughout the statistical analysis, the 
significance value was set at 0.05. 

Results 

AEF morphology both in patients and healthy subjects was consistent with normal features. A dominant 
response occurring at approximately 100 ms following stimulus onset (Ml00) was observed (Fig. 1). Morphological 
properties of AEFs in the patients after operation did not show any significant difference with respect to the normal 
hearing population. After operation all patients showed good recovery of auditory function with air-bone gap less than 
20 dB between 250-2000 Hz (Table I), and reported good recovery of auditory function in everyday life. 


CONTROL 



-500 


250 Hz ms 200 500 Hz 1000 Hz 2000 Hz 

Fig.l) Example of AEFs in one control subject (top), in one patient before (middle), and after surgery 
(bottom). Each trace picture one of the recording channels in the 200 ms interval from the burst onset. All 
four stimulation frequencies are shown (250, 500, 1000, 2000 Hz). 
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Localization of the Ml00 ECDs relative to the 4 carrier frequencies in normal subjects showed the well-known 
tonotopic distribution (Table II, Fig. 2). 


Table II Averages across subjects of the X-coordinates of the Ml00 ECD 
for the 4 stimulation frequencies. All numbers express millimeters. Last 
column indicates average extensions of the tonotopic representations. 



250 Hz 

500 Hz 

1000 Hz 

2000 Hz 

extension 

Controls 

54 

51 

48 

45 

9 

Patients PRE 

52 

52 

52 

51 

1 

Patients POST 

54 

50 

49 

46 

8 



250 500 1000 2000 

Stimulation frequency (Hz) 


| —•— controls —pre A post 


POST-PRE tonotopic extension (mm) 



0 5 10 

Recording after operation (month) 


Fig. 2 left) Mean values of the Ml00 ECD x-coordinates in normal hearing subjects [closed 
circle] and patients before [open triangle] and after operation [closed triangle], right) Tonotopic 
extension difference between POST- and PRE-operation in relationship with the period duration 
following the operation. 


Before operation patients revealed a tonotopic distribution significantly different with respects to control subjects 
(F=8.4; df=3,54; p<0.001; Fig. 2-left). In particular, tonotopy in patients resulted almost flat, the mean value of the 
ECD depth being little affected by the stimulus frequency content (average x- coordinate and tonotopic extension in 
Table II, Fig. 2-left). After operation the cortical region responding to the 4 stimulating frequencies resulted enlarged 
with respect to the pre-operative findings in all patients but two. In particular in two patients the tonotopic extension 
overcame the controls dimensions; one of these was the youngest of the patient group (i.e., a 27-yearold). Following 
surgery tonotopic distribution was statistically different with respect to preceding surgery (F = 5.6; df = 3,51; p = 0.04; 
Fig. 2-left) and there was no more difference from controls (F = 1.6; df = 3,51; p = 0.20 n.s.; Fig. 2-left). More 
interesting, cortical tonotopic region re-enlargement (tonotopic extension increase) resulted significantly directly 
correlated with the duration of the period following the operation (r s = 0.96, p = 0.01, Fig. 2-right). 

Discussion 

Our findings indicate that primary auditory cortex of human adults may undergo functional reorganizations following 
peripheral alteration of the sensory input entering the CNS. 

In particular, a long-lasting reduction of the acoustic input to one ear is leading to a restriction of its tonotopic 
contralateral representation. The restriction of the activated primary auditory cortex induced by otosclerosis could be 
interpreted in relation to the general increase in response magnitude across the entire receptive fields of neurons in the 
primary auditory cortex of the guinea pig, following sensitization training with an auditory stimulus [3]. In line with 
such experimental data it might be thought that the lack of stimulation induces a spatial restriction of the activated 
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neuronal pools within primary auditory cortex. 

The localizations in patients appeared concentrated in the region corresponding to the low frequency 
representation in controls. This could be interpreted as related to otosclerotic illness, which affects more the auditory 
conduction at low frequencies (less than or equal to 1000 Hz): therefore, the primary auditory cortical region 
representing the low frequencies is less stimulated and the higher frequencies representation starts invading the lower 
ones. On the other hand, following surgery which better improves the low frequencies transmission, the low frequency 
representation appears restored (Fig. la). 

Recovery of auditory function following surgical correction of the conductive defect is provoking a 
reorganization of the auditory cortex within the usual boundaries as seen in normal hearing subjects. The patient age 
might be important as regards the reacting capacity, as is suggested by the best surgical outcome in our youngest. 

The direct correlation between the duration of the post-operation period and the cortical re-enlargement indicate 
that the natural auditory stimulation can modify the tonotopic primary cortical organization, and that this process takes 
place in a time scale of several weeks, as has been demonstrated in monkeys [16]. We can expect that a follow up on 
longer latencies will show reversible effects also in the two patients studied before two months from operation. 

Our results, both in patients before and after surgery, indicate that the continuous exchange between periphery 
and central auditory areas contributes to the tonotopic organization maintenance. 
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Introduction 

The amplitude of electric and magnetic brain responses to tone offsets vary depending on the duration of the current 
tone. When analyzing the electric responses of the brain to the offset of square waves, Pfefferbaum et al. found that the peak 
amplitude of the offset N1 which is defined as an electric deflection occurring about 100 ms after the tone offset, increases 
when the current tone duration increases [1]. Hari et al. stated that the peak amplitude of magnetic Nlm, the magnetic 
counterpart of Nl, in response to the noise burst offset, increases as the current noise burst duration increases [2]. 

Our previous study showed that the amplitude of the offset Nlm varies depending on the duration of the preceding 
tone [3]. In that study, we presented a random sequence of two 1-kHz tones; a0.2-s tone and a 0.2-s, 1.2-s, or 2.2-s tone in 
3 different blocks. We found that the peak amplitude in response to the 0.2-s tone offset increases significantly as the 
preceding tone duration increases. There is no difference in these 3 blocks between the peak amplitudes in response to the 
0.2-s tone offset if the preceding tone is the 0.2-s tone. These results suggest that the offset N1 m peak amplitude is strongly 
affected by the immediately preceding tone, provided that the frequency of the preceding tone is identical to that of the current 
tone. 

In the present study, we investigated the effect of the preceding tone frequency on the peak amplitude and latency of 
the offset Nlm. 

Materials and Methods 

We studied 7 females and 1 male (all right-handed) between the ages of 18 and 32 and all with normal hearing. 

We used 3 long tones (duration: 2.2 s; frequency 0.5, l,and2 kHz each in a different block) and 1 short tone (0.2 s; 
1 kHz), which were78-dB Sound Pressure Level pure tone bursts with 10-ms rise and decay times. As shown in Fig. 1, the 
1-kHz short tone and the long tone(0.5-, 1-, or 2-kHz tone) were presented with a constant 1-s offset-to-onset interstimulus 
interval to the subject’s left ear in random order through a plastic tube and an ear piece. During the measurement of the 3 
blocks, the subjects read a book of their own choice and were instructed to pay no attention to the stimuli. 

The subjects took a 3-minute rest between the blocks, but were instructed not to move their head throughout the 
measurement including during the rest time. The order of the 3 blocks was randomized for each subject. 

long tone short tone (1 kHz) 
block 1 PI 1 0.5 kHz I il IH 


offset 


! 


i m 

t 

1 i 


1 s 

2.2 s 

1 s 

0.2 s 


recording 


block 3 1] 



0.3 s 0.8 s 


Fig. 1 Stimulus sequence 

A long tone (2.2 s) and a short tone (0.2 s) were presented in random order with the same presentation 
probability (0.5). The long tone frequency was 0.5, 1, and 2 kHz in blocks 1,2, and 3, respectively. The short 
tone frequency was constant at 1 kHz throughout the blocks. The responses were recorded between 0.3 s before 
and 0.8 s after the offset of the short tone. 


©1999, Tohoku University Press 
Recent Advances in Biomagnetism 
T. Yoshimoto et al. (Eds) 


549 


















We recorded the magnetic response between 0.3 s before and 0.8 s after the short tone offset using a 122-channel 
whole-head neuromagnetometer (Neuromag-122; Helsinki, Finland) in a magnetically shielded room. Epochs with a 
magnetic response amplitude exceeding 3000 fT/cm or with a vertical electro-oculogram exceeding 150 p,V were rejected 
from further analyses. More than 50 responses were averaged after being filtered (0.1 - 170 Hz) and digitized at 0.5 kHz. The 
responses to the short tone offset in each block were averaged separately depending on the preceding tones; the response to 
the short tone immediately after the long tone (Response LS) and the response to the short tone immediately after the short 
tone (Responses SS). The averages were lowpass filtered digitally at 40 Hz after averaging. 

We removed DC component that was present in the 100-ms prestimulus baseline of the short tone, which was 
equivalent to the average amplitude between 0.3 s and 0.2 s prior to the short tone offset. 

Neuromag-122 has 2 pickup coils in each sensor position, which measure 2 tangential derivatives (3Bz/3x and 
3Bz/3y), where the field component Bzis normal to the coil surface. The value B’ in the following equation (1) was defined 
as the amplitude of the response. 



( 1 ) 


The maximum offset Nlm peak, denoted by max-Nlm-off peak, was determined in the following way. First, we 
calculated the amplitude of all the peaks found between 50 and 150 ms after the short tone offset using equation (1), and then 
we determined the maximum amplitude among these peaks over the right temporal area as the max-N 1 m-off peak amplitude. 

These max-Nlm-off peak amplitudes were normalized for each subject with respect to the individual’s maximum 
value across all blocks. We undertook an analysis of variance (ANOVA) and a post-hoc analysis of these normalized max- 
Nlm-off peak amplitudes and latencies to determine the effect of the preceding tone frequency. We performed a paired t-test 
within the same block for these normalized max-N 1 m-off peak amplitudes and latencies preceded by the long and short tones. 


Results 


Figure 2 shows the response waveforms of subject 1, calculated by using equation (1). The max-Nlm-off peak 
amplitudes (latencies) of Response LS in blocks 1,2, and 3 were 50 fT/cm (81ms), 101 fT/cm (103 ms), and 75 fT/cm (76 
ms), respectively. The max-Nlm-off peak amplitude of Response LS was larger when the frequency of the current and 
preceding tones was identical (block 2) than when they were different (blocks 1 and 3). 


Nlm to the short tone onset 


f 



A max-Nlm-off 


max-Nlm-off (long tone: 1 kHz) 


short tone: 1 kHz 


0 100 ms 


Fig. 2 Waveforms of Response LS (subject 1) 


The three thin arrows indicate the max-Nlm-off peak in 3 blocks. The thick arrow indicates the Nlm 
to the short tone onset. The gray rectangle below the waveforms indicates the timing of the stimulation. 


550 









Nlm to the short tone onset 

f 



i-1 

0 100 ms 


Fig. 3 Grand mean waveforms (8 subjects) 

Grand mean response waveforms at the channel that produced the max-Nlm-off averaged across 8 
subjects. See Fig. 2 for details. 


block 1 block 2 block 3 



Response 


Response 


LS 

SS 


Fig. 4 Mean normalized max-Nlm-off peak amplitude (8 subjects) with SEM 

Mean normalized max-N 1 m-off peak amplitudes (SEM) averaged across 8 subjects as a function of the 
preceding tone frequency. Responses LS are indicated by the closed square symbols and Responses SS are 
indicated by the open diamond symbols. Note that these responses were evoked by the same short tones and 
only the long tone frequency was not identical. 


Figure 3 shows the grand mean waveforms averaged across 8 subjects in the channel that produced the max-Nlm- 
off. The max-Nlm-off peak amplitudes (latencies) of Response LS in blocks 1,2, and 3 were 28 fT/cm (75 ms), 55 fT/cm 
(99 ms), and 36 fT/cm (70 ms), respectively. 

Figure 4 shows the mean normalized max-Nlm-off peak amplitudes with the standard error of the mean (SEM) for 
Response LS and Response SS as a function of the preceding tone frequency. 
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ANOVA showed that the mean normalized max-Nlm-off peak amplitude of Response LS was significantly larger 
when the frequency of the current and preceding tones was identical (F(2,21) = 7.48, p < 0.01). There was, however, no 
significant difference in the max-Nlm-off peak amplitudes of Response SS between the 3 blocks. The mean latencies of 
Response LS (SS) were 89 ms (74 ms), 92 ms (91 ms), and 78 ms (77 ms), in blocks 1, 2, and 3, respectively. The 
max-Nlm-off peak latency did not differ significantly between the 3 blocks either for Response LS or for Response SS. 

Post-hoc analysis showed that the max-Nlm-off peak amplitude of Response LS in block 2 was 52 % larger (p < 
0.01) than that in block 1 and was also 35 % larger (p < 0.05) than that in block 3. 

The paired t-test showed that the max-Nlm-off peak amplitude was significantly larger for Response LS than for 
Response SS by 53 % (t = 6.26, p < 0.01) and by 35 % (t = 3.52, p < 0.01) in blocks 2 and 3, respectively. The max- 
Nlm-off peak amplitudes of Response LS and Response SS in block 1 were not significantly different. The max-Nlm-off 
peak latency for Response LS and Response SS was not significantly different in any block. 

Discussion 

The max-N lm-off peak amplitude of Response LS was significantly (53 %) larger than that of Response SS in block 
2. This result agrees with our previous result [3]. In the previous study, where the preceding tone frequency was identical to 
the current tone, the peak amplitude significantly (65 %) increases as the preceding tone duration increases. In block I, the 
max-Nlm-off peak amplitude of Response LS was larger than that of Response SS (not significant). In block 3, the 
max-Nlm-off peak amplitude of Response LS was significantly (35 %) larger than that of Response SS although the long 
and short tone frequencies were different. 

The max-Nlm-off peak amplitude of response LS in block 2 was significantly larger than that in blocks 1 and 3, 
suggesting that the enhancement of the max-Nlm-off response was frequency specific. 

As we reported in our previous study [3], the enhancement of the max-N lm-off peak amplitude of Response LS in 
all blocks may include a mismatch response. It is supposed that the enhancement of the max-Nlm-off peak amplitude 
includes two mismatch responses, frequency and duration mismatch responses. In blocks 1 and 3, a frequency mismatch 
response should appear in the onset response because the frequency difference between the long and short tones should be 
detected at the short tone onset. In block 2, a frequency mismatch response should not be included because the long and short 
tone frequencies were identical. These considerations imply that the enhancement of the max-N lm-off peak amplitude may 
include only a duration mismatch response which should occur at the short tone offset because the duration difference 
between the long and short tones should be detected at that point in time. 

As Hariet al. stated, considering the results of their experiments and those of Kianget al., the offset response might 
reflect the release of spontaneous activity from the stimulus induced inhibition at the cortical level [2, 4]. It is difficult to 
explain the mechanism of the max-N lm-off peak amplitude enhancement only by the release of spontaneous activity from 
the inhibition, because the enhancement was strongly affected by the preceding tone frequency rather than the current tone 
frequency. It is necessary to introduce some other mechanisms which depend on the preceding tone frequency. 

Although we have not yet shown the mechanism that produces the max-N lm-off enhancement, we can conclude that 
the max-Nlm-off peak amplitude enhancement is frequency specific. 
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Introduction 

A possible mechanism of dichotic listening in humans is often described by Kimura’s model [1,2], which is 
based on behavioral and patient studies. During dichotic listening, ipsilatcral auditory pathways would be strongly 
inhibited, so that the acoustical information presented to each ear would be first treated by the contralateral hemisphere 
and then transfered to the ipsilatcral hemisphere via the corpus callossum. 

Hence, according to this model, one would expect that in each hemisphere, at a certain time after the stimulation, 
the activity would depend only on the contralateral stimulus. In particular, this activity should not change as long as the 
contralateral sound remains unchanged, even when the ipsilatcral sound varies. 

We recorded MEG responses elicited by dichotic pairs of pure tones, and tested whether the NIOOm dipole 
parameters (amplitude, orientation, position) would remain stable in each hemisphere when the contralateral tone 
frequency remained identical whereas the ipsilatcral tone frequency was changed. This was first investigated during 
passive listening (which results have been recently published [3]), and second during active listening when attention was 
directed to one ear. 

Methods 

Passive listening protocole 

Ten healthy right-handed subjects (aged 20-29 years) participated in this study. Stimuli were pure tones of 50-ms 
duration including 3-ms rise and fall times. They were presented 400 times at 64 dB SL, with a random ISI ranging 
within 800-1200 ms, while subjects watched a self-selected movie. Nine stimuli were used as described in Table 1 (/j 
and/ r refer to the tone frequency delivered to left and right ear, respectively): In conditions 1-5, /j was maintained at 
4000 Hz, while / r varied from 500 to 4000 Hz. Conditions 6-9 contained the same pairs as in conditions 4-1 but 
reversed between the ears. 


Table 1. 

Frequency contents (in Hz) of the 9 
dichotic pure-tone stimuli used in the 
passive listening experiment (/j and / r 
refer to the tone frequency delivered to 
the left and right ear, respectively). 
The last column shows the intcraural 
frequency difference. 


Active listening protocole 

Seven healthy right-handed subjects (aged 20-30 years) participated in this second experiment, which was 
composed of 2 blocks. During the first block (passive listening), subject watched a self-selected movie while presented 
with 3 dichotic stimuli, with always the same frequency (500 Hz) coming to the left ear, and 3 possible frequencies 
coming to the right ear (600,1550, 4000 Hz). During the second block, the right ear was delivered the same 3 possible 
frequencies as in the first block, each of which was paired with 3 possible left frequencies : 500 Hz (standard), 540 Hz 
(target), and 580 Hz (distractor, see Table 2). Subjects were asked to focuss their attention only to the left ear and press a 
button after every left deviant (540 Hz) frequency, regardless of the right frequency. 

In this experiment, tones were 200-ms duration (including 3-ms rise and fall times), and were presented 300 times 
at 64 dB SL with a random ISI ranging within 1200-1800 ms. 


Conditions 

h 

ft 

4/=/r-/l 

1 

4000 

500 

-3500 

2 

4000 

1000 

-3000 

3 

4000 

2000 

-2000 

4 

4000 

3000 

-1000 

5 

4000 

4000 

0 

6 

3000 

4000 

1000 

7 

2000 

4000 

2000 

8 

1000 

4000 

3000 

9 

500 

4000 

3500 
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Table 2. 

Frequency contents (in Hz) and 
probability of occurence (%) of 
the dichotic pure-tone stimuli 
used in both blocks of the 
active listening experiment. 

In block 2, the target left 
frequency was 540Hz 
(underlined) and the distractor 
was 580 Hz (bold italic) 


Data acquisition 

MEG signals were acquired with a Ncuromag™ 122-channel whole-head magnetometer measuring two gradient 
components (3Bz/3x and 3Bz/3y) of the magnetic field component Bz at 61 locations over the head (the z direction being 
normal to the local helmet surface). An EEG electrode (nose reference) was also placed on the midline between Fz-Cz. 


Blocks 

h 

fr 

Occurrence Prob. 

A flog/) = log ft -log ft 

1 

500 

600 

33 

0.1 


500 

1550 

33 

0.5 


500 

4000 

33 

0.9 

2 

500 

600 

27.8 

0.1 


500 

1550 

27.8 

0.5 


500 

4000 

27.8 

0.9 


m 

600 

2.8 

0.1 


m 

1550 

2.8 

0.5 


m 

4000 

2.8 

0.9 


580 

600 

2.8 

0.1 


580 

1550 

2.8 

0.5 


580 

4000 

2.8 

0.9 


Data analysis 

Data were digitally low-passed filtered at 30 Hz. The magnetic field gradient norm was computed at each of the 61 
locations and mapped over the head using spherical spline interpolation. Then, the NIOOm peak amplitude was measured 
on these time-varying maps and dipole localization (single moving dipole in a spherical head model) was performed at 
the corresponding latency. Dipoles with goodness-of-fit values less than 70% were discarded from further analysis. 
Statistical analysis used the non-parametric Quadc test, with the a posteriori Connover 2x2 comparison. 


Results 

Passive listening 

Results obtained in the passive listening 
experiment are given in Fig. 1. Regardless of the 
stimulus type, we found a strong right hemisphere 
predominance, with, on average, a NIOOm dipole 
moment 2.1 times stronger over the right hemisphere 
than over the left (p<0.0001). The NIOOm amplitude 
also varied with the stimulus condition over both 
hemispheres in MEG (p<0.002) and also in EEG at the 
vertex (p<0.0001). The NIOOm response was strongest 
when/j and/ r were the most different (conditions 1 and 
9), gradually becoming weaker as the interaural 
frequency difference diminished (condition 5). 

In particular, the NIOOm in the hemisphere 
contralateral to the fixed frequency (4000 Hz) decreased 
as the frequency in the ipsilateral ear varied from 500 to 
4000 Hz. This contradicts the hypothesis predicting 
that NIOOm in each hemisphere would be independent 
of the ipsilateral stimulus. 


Fig. 1. 

Results of the passive listening experiment : 
MEG NIOOm signal amplitude (A) and dipole 
strength (B), and EEG N100 vertex absolute 
amplitude (C) as function of the interaural 
frequency difference. Statistical p values obtained 
with the quadc test arc also given. 



Intuitively, these amplitude variations could simply stem from the tonotopic organization of the auditory cortex : it 
is known that NIOOm sources arc different depending on the sound frequency [4,5]. Hence, as the interaural frequency 
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difference increases, the overall spectrum of the binaural stimulus becomes broader, hence recruiting a greater number of 
active cells in the auditory cortex. 

In a complementary experiment (still passive listening), we tested if this tonotopic organization could alone account 
for the observed NIOOm variations. If this were the case, then a complex tone made of 2 frequencies (500+4000 Hz) 
presented identically to both ears should evoke comparable NIOOm response as would evoke a dichotic tone made of 500 Hz 
in one ear and 4000 Hz in the other. Seven right-handed subjects participated in this study, where we used 5 dichotic stimuli 
(/j -/ r , in Hz) : (1) 500-500, (2) 4000-4000, (3) (500+4000)-{500+4000), (4) 500-4000, and (5) 4000-500. Recording 
and analysis procedures were unchanged. We found (see Fig. 2) that dichotic pure tones (conditions 4 and 5) elicited stronger 
NIOOm than the complex tone presented identically to both ears (condition 3), which in turn elicited stronger N100 than a 
single pure tone presented identically to both ears (conditions 1 and 2). 


Fig. 2. 

Results of the complementary experiment : MEG 
signal amplitude (A) and dipole strength (B) for the 
5 different conditions. Open circles refer to one 
pure tone delivered identically to both ears 
(conditions 1&2); Open squares refer to one 
complex tone (500+4000 Hz) delivered identically 
to both ears (condition 3); Filled circles refer to the 
dichotic conditions 4&5 : The two ears were 
delivered different tones. Statistical p values 
obtained with the Quade test are also given. 


Active listening 

Results of the active listening experiment are shown in Fig. 3. Only the responses to the 3 stimuli of block 1, and 
the 3 standard stimuli of block 2, were considered. In both cases, these dichotic stimuli (f\ - f v in Hz) were : 500-600, 500- 
1550, and 500-4000. 
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Fig. 3. 

Results of the active 
listening experiment 
NIOOm amplitude (A) and 
dipole strength (B), and 
dipole coordinates towards 
the top of the head (C) and 
the nose (D). Circles and 
squares refer to the passive 
and active listening 
situation, respectively. 


Left hemisphere Right hemisphere 



We found that the activity in the right hemisphere significantly varied when the right frequency varied, during both 
passive and active listening situations. Moreover, we found that dipole positions also varied in the right hemisphere, in 
particular during active listening (right box in Fig. 3): as ft changed from high (4000 Hz) to low (500 Hz) frequencies, the 
dipole source in the right hemisphere moved forward and upward. 
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Discussion 

We first found that during passive listening of dichotic pure tones, the N100 component in each hemisphere strongly 
depended upon both left and right stimuli, and in particular upon the ipsilateral stimulus. Thus, at 100 ms, the acoustical 
information has reached the ipsilateral hemisphere via direct thalamo-cortical pathways or/and inter-hemispheric projections. 

This dependence was reflected by variations of the N100 amplitude and dipole strength : N100 was the strongest for 
the most different left and right frequencies. In a complementary experiment, we found that a dichotic pair of tones (500 Hz 
in one ear, and 4000 Hz in the other) elicited stronger response than a complex tone (500 Hz + 4000 Hz) presented 
identically to both ears, which in turn elicited a stronger response than a pure tone (500 Hz or 4000 Hz) presented identically 
to both ears. This result allows the following possible explanation of the N100 amplitude variations. 

It is known that the primary auditory cortex of the cat houses strips of neuron columns tuned to characteristic 
frequencies, forming a caudo-rostral tonotopic map [6,7]. In each isofrequency strip, mainly two kinds of cells that 
differently respond to binaural stimuli alternate. The first kind correspond to 
cells (EE type) which are excited by a contralateral stimulus and even more 
easily excited by a simultaneous ipsilateral stimulus. The second kind of cells 
(El type) are also excited by a contralateral stimulus, but are inhibited by a 
simultaneous ipsilateral stimulus. EE and El cells exist in all frequency bands. 

According to this organization, as it is schematized in Fig. 4, one would 
expect that two concurrent pure tones (f\ */ r ) would activate more cells than a 
complex tones made of the two frequencies (/j + / r ) presented identically to 
both ears, which in turn will activate more cells than a pure tone of either 
frequency (f\ or/ r ) presented identically to both ears. 


Fig. 4. 

Schematic representation of the excitatory/inhibitory frequency-dependent 
organization of the auditory cortices (from cat studies). Active cells are 
labeled by their characteristic frequency and non-active cells are left blank. 
In (A), the same frequency is heard in both ears and only EE type cells 
tuned to this frequency arc active. Case (B) is the extension of case (A) 
for a 2-frequency complex tone. Case (C) shows active cells for two 
concurrent sounds of different frequencies. According to this model, the 
response should become gradually stronger from (A) to (C). 



Second, we found that the NIOOm in die contralateral hemisphere still strongly depended upon the ipsilateral stimulus 
during active listening with attention directed to one ear. 

According to our results, if Kimura's model still holds for the protocole we used, inhibition of ipsilateral pathways 
should occur at other, possibly earlier, latencies than 100 ms. Preliminar intracerebral recordings in one epileptic patient 
(collaboration with Dr. C. Fischer of the Neurological Hospital, Lyon) suggest that the activity in the auditory cortex at 29 
ms (Pa component) also depends upon both ipsi- and contra-lateral stimuli during passive listening of dichotic tones. 
However such studies should be further investigated in more details. 
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Introduction 

The response of the human visual system to sampled motion as a rapid succession of two static stimuli at 
different locations has been subject of numerous studies for more than 170 years now [1], Although the striate cortex 
(area VI) has been long known to respond to visual stimuli, there is mounting evidence in recent years for parallel 
processing streams in the visual cortex. A fast-motion, luminance-based visual pathway is believed to be projecting 
directly to the extrastriate cortex (area MT) via the magnocellular system in addition to the slow color and contrast 
information-based channel to VI [2], One possible way of testing this hypothesis may rely on discrimination based on 
magnetic visually evoked field (VEF) responses to supra- and sub-critical visual stimuli as the extrastriate cortex 
responsible for motion detection is considered to be lying on the lateral surface of the occipital lobe of the brain This 
procedure, however, is current flow dependent, so that apparent motion processing in the brain of healthy humans could 
vary considerably between the subjects or between the experiments Evoked responses depend also on parameters like 
visual stimulus basic type, inter-stimulus interval, displacement / speed, visual angle (eccentricity of position relative to 
nasal retina) and eye fixation, motion direction, luminance, background illumination and selective attention. Previous 
studies with simple bar stimuli experiments have reported a clear inverse relationship between stimulus displacement 
and the corresponding latency of peak evoked MEG responses in a limited right parieto-occipital area of the brain. We 
attempted to answer these and several additional questions, including the impact of visual angle eccentricity (location), 
motion stimuli direction and displacement on the strength, timing and origin of their peak apparent motion visual 
evoked field (VEFam) responses. Furthermore we investigated for possible differences between motion stimuli and their 
static OFF/ON counterparts at several equidistant locations across the human visual field. 


Methods 

Our study utilized a CTF-64 channel whole-cortex biomagnetometer in an illuminated magnetically shielded 
MEG Shielded Room Visual Stimuli 



Fig. 1 Experimental setup for apparent motion MEG experiments in healthy human subjects. 
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room (Fig. 1). Trials were recorded with sampling rate 625 Hz with no on-line filtering from -200 ms to +500 ms 
relative to stimulus onset. Epochs were tested later off-line and those containing blinking artifacts or excessive baseline 
shifts were rejected. Images were generated by a notebook computer and presented on a screen (left screen semi-size 
14° x 11°) by a liquid crystal video projector with refresh interval of 15 ms. Viewing was binocular in a sitting posture 
at a distance of 1.5 m from nasion to fixation point. The visual stimuli were shown for 1500-2500 ms (random duration, 
1 ms step) on the left side of the screen. We used white bars (200 cd/m 2 mean luminance) on a dark background (4 
cd/m 2 ) (Fig. 1) and a small green circle with 0.4° diameter in the center of the screen as a fixation point for the gaze 
Motion stimuli were horizontal, centered vertically and direction was either centripetal (IN) towards the center of the 
nasal retina or centrifugal (OUT) away from the center. We conducted 4 types of experiments with our subjects. In all 
of them several conditions were combined in order to minimize changes of non-visual factors and to enable direct 
comparison. Each experimental condition was repeated 200 times. After every 50 stimuli presentations there were short 
(15 s) mini-rests. Except for experiment 1, bar size was set to 0.2° x 5° 

Experiment 1 [3], The objective was to determine the impact of apparent motion displacement and direction on 
the VEF using fixed eccentricity for one of the bars. A combination of 12 experimental conditions was presented, 
including alternatively apparent motion stimuli at two locations in the left visual field. Bars appeared either near the 
center of the visual field (at 1° eccentricity) or displaced towards the periphery at D n = 1.05°, 1.1°, 1.2°, 2°, 4° and 6° 
(D n °->1°IN and D n °<-l°OUT) attempting to study both the short-range (< 0.25°) and the long-range (> 1.5°) processes. 
For this experiment the bar size was 0.1° x 2° 

Experiment 2. We used constant displacements (4°) to study the influence of eccentricity and motion direction 
on the VEF am. Apparent motion stimuli were presented at 3 equidistant locations in the visual field including 6 
experimental conditions: 5°->l°IN, 5°<-l°OUT, 9°->5°IN, 9°<-5°OUT, 13°->9°IN and 13°<-9°0UT. 

Experiment 3. In order to compare establish relation of eccentricity to simple appearance / disappearance flash 
stimuli appeared anchored at the same locations as in experiment 2. The 8 conditions studied were l°ON, l°OFF, 
5°ON, 5°OFF, 9°ON, 9°OFF, 13°ON, 13°OFF 



(d) (e) (f) (g) 

Fig. 2. Influence of displacement angle on visually evoked fields VEF AM in apparent motion, (a) 64-channel 
MEG time series - left side: rN direction, right side: OUT, downwards: increased displacement; (b) and (c) Mean PI 
response latency and magnitude, graph presents mean ± standard deviation of values for three subjects; 
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(d) and (e) Peak response latencies and magnitudes of main VEFam components PI, P2 and P3 in inward-bound 
apparent motion; (f) and (g) Peak response latencies and magnitudes in outward-bound apparent motion. 

Experiment 4. The goal of this design was to establish the basic relations between apparent motion in both 
directions and simple appearance-disappearance. A combination of 6 experimental conditions was presented, including 
static bar appearance and disappearance at 4° and 7° eccentricity (4°ON, 4°OFF, 7°ON, 7°OFF) as well as bar 
centripetal and centrifugal motion (7°->4°IN and 7°<-4°OUT). The condition sequence for this design was fixed to 
4°ON - 7°<-4°OUT - 7°OFF - 7°ON - 7°->4°IN - 4°OFF 

We determined the MEG responses and peak latencies using the calculated RMS (root-mean-square) values of a 
parieto-occipital subset of 17 channels approximately over the visual cortical area of the human brain. Equivalent 
current dipole estimation and 3-D MRI images were utilized to determine the exact spatial location of the visual cortex 
activity. We defined visual activation peaks as local RMS apexes of averaged parieto-occipital MEG data according to 
the following convention: PI (0..220 ms), P2 (220..320 ms) and P3 (320..420 ms) after stimulus onsets [4], 


Results 

Experiment 1: The results from this experiment were averaged over 3 subjects (Fig. 2b) for PI and indicated 
only an insignificant decrease in its response latency, but considerable increase in PI response magnitude (RMS) with 
increasing displacement. Fig. 2a,b show the relationships between peak latencies of the 3 main VEF components as well 
as their apex magnitudes for one subject over the studied range of displacements. P2 and P3 magnitudes were exhibiting 
much weaker increase for larger displacements than PI. In the upper 3° motion range the P2 component appeared to be 
more sensitive in the inward direction (IN), while P3 responded stronger to outwards bound apparent motion. 

Experiment 2 (Fig. 3): We observed again no essential change in PI latency. However the P2-component was 
faster for peripheral IN-motion and for foveal OUT-motion, while P3 response was faster for foveal IN-motion and for 
peripheral OUT-motion. There was a strong trend for declining PI and P2 magnitudes at more ambient locations in both 
directions, while the P3 component changed slightly increasing nearer to periphery. 
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Fig. 3. Influence of eccentricity and direction on visually evoked fields in apparent motion VEF AM . 

(a) and (b) Main VEF components' (PI, P2 and P3) peak response latencies and magnitudes for onset/in-motion; (c) and 
(d) Peak component response latencies and magnitudes for offset/out-motion. 


Experiment 3 (Fig. 4): All VEF 0 n components exhibited a turning point at the 5° eccentricity location except for 
PI on and P3 0 n magnitude values, which changed trends more peripherally at 9°. While the latency patterns for ON and 
OFF peak components were comparable, all OFF component magnitudes declined with increasing visual angle. P1 0 n 
and P3 0 n magnitudes increased with eccentricity, behaving similarly to Experiment l within the foveal visual range 
(recalling an analogy between the central fixation point and the fixed bar at 1° in Experiment 1), while the P2 0 n 
component magnitude showed a different trend for motion and ON-flash stimuli 
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Fig. 4 Influence of eccentricity and luminance change on visually evoked fields for static 
appearance/disappearance VEF 0 n/off (a) and (b) Main VEF peaks' (PI, P2 and P3) response latencies and magnitudes 
for inward-bound apparent motion; (c) and (d) Peak component response latencies and magnitudes for outward-bound 
apparent motion. 


Experiment 4 (Fig. 5): This design served the specific purpose of combining and comparing directly motion and 
flash components within the same experiment. The results confirmed the observed trends in Experiments 2 and 3 and 
showed a qualitative difference in latency and magnitude responses, markedly for P2 and P3 latency and PI magnitude 
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(a) (b) (c) (d) 

Fig. 5. Comparison between static luminance change and apparent motion direction in visually evoked Fields. 

(a) and (b) Main VEF components' (PI, P2 and P3) peak response latencies and magnitudes for 2 appearance stimuli 
and an inward-bound apparent motion; (c) and (d) Peak component response latencies and magnitudes for 2 
disappearance stimuli and an outward-bound apparent motion 


Discussion 

This study investigated the influence of apparent motion visual stimuli displacement, eccentricity and direction 
on the cortical magnetic field responses in healthy middle-aged subjects. Our results indicated that motion perception 
may involve late VEF components for visual information processing at higher centers of the cortex. The observed 
specific trends in the temporal properties of the P2 and P3 components during our apparent motion experiments may 
suggest a possible link to understanding the activation of either 'synchronization'- or 'threshold'-based parallel visual 
processing streams to the MT and MTS areas Pi's stable peak latency, but marked magnitude response changes to both 
flash and apparent motion stimuli might indicate fixed pathway to VI, as well as to other visual areas [5] further inter¬ 
connected to motion detection structures Investigating the impact of visual stimulus parameters on VEF components in 
this study and attempting to find their possible connection to relevant visual pathways in the future might be a small, but 
worthy step toward the understanding of apparent motion perception. 
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Introduction 

The combination of electroencephalography (EEG), magnetoencephalography (MEG) and functional magnetic 
resonance tomography (fMRT) enables the investigation of brain functions with high temporal and spatial resolution. 
For the study of visual cortex functions it has been proven that flickering random-dot stimuli are very effective in fMRT 
[1]. In contrast, checkerboard stimuli are used in clinical EEG and MEG generally. In experiments where MEG/EEG and 
fMRT are combined it appears desirable to use identical stimuli. Therefore we examined whether random-dot patterns 
evoked MEG/EEG responses that were comparable to responses induced by checkerboard stimuli. 

It has been known for some decades [2] that the visual cortex is devided into several areas with different functional 
properties. This spatial organization has been recently confirmed by non-invasive imaging methods like fMRT and 
positron emission tomography. Information on the temporal sequence of the activation of the different visual areas can 
be obtained by source analysis based on MEG and EEG measurements. If the spatial origin of MEG or EEG activities 
can be assigned to a specific cortical area then its temporal activation pattern can be determined. The origin of the PI of 
the visual evoked potential and its magnetic counterpart Ml is assumed to originate from VI [3]. However, in 
experiments studying selective visual attention V2 activity has been reported in the same latency range [4]. We therefore 
investigated in the present study whether V2 is generally activated at the onset of the cortical response in addition to VI. 
To clarify this issue, simultaneously measured MEG and EEG activity is used. Simultaneously measured activity 
increases the amount of information and thus enhances the confidence in the source localization results. Furthermore, the 
two methods are differently susceptible to the orientation of the neural sources that can be physically modeled by 
electrical dipoles. Whereas EEG is sensitive to radial and tangential dipole sources, MEG activity is generated only by 
tangential sources. If it is assumed that EEG and MEG are mainly generated by cortical pyramidal cells the 
corresponding dipoles should be parallel to them and perpendicular to the cortical surface. If the fovea is stimulated, 
cortical areas near the occipital pole of the brain become active. Due to the topology of that region the orientation of 
the equivalent dipole should reveal a large radial component. Foveal stimuli should therefore be visible in EEG rather 
than in MEG. However, peripheral stimulation of the visual field leads to activities in regions of the fissura calcarina 
that are located deeper in the brain and that correspond to tangentially orientated dipole sources. Depending on whether 
VI alone or both VI and V2 is activated, different dipole orientations can be expected. We propose that the simultaneous 
measurement of MEG and EEG permits a more detailed understanding of the processing of visual stimuli. 

Method 

Twelve healthy subjects with normal vision participated in the study. The examination was performed in a 
magnetically shielded room in order to reduce environmental noise disturbing the MEG measurements. Stimuli were 
generated by a computer and transmitted into the examination room by a video projector and a mirror system. The visual 
stimuli appeared on a 1.2 x 1.0 m screen that was placed 1.2 m in front of the subject corresponding to a visual field 
extension with a radius of 25 degrees in the horizontal and 20 degrees in the vertical direction. A single stimulus 
covered a sector of 45 degrees of polar angle (beginning at 22.5 degrees and ending at 67.5 degrees) located in one of the 
four quadrants of the visual field. The eccentricity ranged either from 0 to 3 degrees (foveal stimulation) or from 10 to 20 
or 25 in the vertical and the horizontal direction, respectively (peripheral stimulation). Each subject received 4 blocks of 
stimulation. Stimuli in one block were either checkerboard or flickering random-dot stimuli presented at either foveal or 
peripheral locations of the visual field. The sequence of stimulus conditions was balanced across all subjects. The check 
size for foveal stimulation was smaller than for the peripheral stimuli in order to account for the higher receptor density 
in the fovea of the eye. Each block consisted of 400 trials. During 10 consecutive trials the stimulus was presented at 
the same position of the visual field. The visual stimuli were presented for 500 ms and followed by a period of 500 ms 
isoluminant gray. In the case of the checkerboard stimulation the pattern between consecutive stimuli was reversed. 
After 10 trials a short beep announced a break of 2 s duration to allow the subject to blink and refocus on the fixation 
point at the center of the screen. 

143 channels of MEG (CTF Inc.), 38 channels of EEG referenced to Cz and vertical and horizontal EOG were 
recorded simultaneously with a sampling rate of 625 Hz. The anti-aliasing lowpass filter was set to 250 Hz. 
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Single trials were scanned for artifacts (Alpha MEG-activity greater than 500 fT, vertical EOG greater than 70 
|lV) and on occurrence excluded from further analysis. Trials were averaged according to the different stimulus 
conditions. The global field power was calculated individually for the activity peak at around 100 ms. Differences of the 
global field power between stimulus conditions were statistically assessed by means of an ANOVA with repeated 
measurements. In order to estimate the location of the neural source for the different conditions, dipole fits for all 
conditions were calculated separately for MEG and EEG based on grand averages. In one approach the first activity peak 
at around 100 ms was used for the dipole fit in order to minimize the residual variance of the fit procedure. As the peak 
latency was not identical in EEG and MEG for all conditions, eventually dipole fits were performed for different time 
points in both methods. In a second approach an identical time point in the MEG and EEG waves was chosen for the 
dipole fit in order to obtain source localizations for the same step of cerebral stimulus processing. 


Results 

The effectiveness of the different stimuli applied was assessed by the global field power of the evoked electrical 
and magnetical response. For both MEG and EEG the global field power was largest for foveal stimulation in the lower 
visual field. In addition, the global field power was larger for checkerboard than for flickering random-dot stimulation in 
both methods (Fig. 1). 


EEG 


MEG 


□ checkerboard 



Fig. 1: Mean values of the global field power for different stimulus conditions. Checkerboard stimulation 
and stimulation of the lower part of the visual field led to the largest acitivity in MEG and in EEG. 
Random-dot patterns elicited only smaller activity espically when they were presented in the upper visual 
field. 

The onset of the evoked electrical and magnetic activity did not differ between the two methods. The latencies of 
amplitude peaks, however, varied between MEG and EEG for several stimulation conditions. Additionally, the amplitude 
ratio of different peaks in EEG differed from the equivalent ratio in MEG. For example, for foveal stimulation of the 
upper visual field the amplitude of the first and second activity peak was almost equal for EEG. For MEG, however, the 
first peak was smaller than the second (Fig. 2). For the stimulation of the lower visual field the situation was reversed. 
A smaller first peak was followed by a larger activity in EEG. In MEG the first peak was the same as or larger than the 
successive peak. 

In a first analysis dipoles were fitted to the first activity peak of the evoked responses, not necessarily having the 
same latency. The locations of the equivalent dipole sources based on MEG and EEG were generally in accordance with 
the retinotopic organization of the visual cortex. Stimulation of the left visual field resulted in dipoles being located in 
the right hemisphere, and stimulation of the right field resulted in dipole sources of the left hemisphere. The eccentricity 
for the dipole location was larger for foveal (e EEG = 0.83, e MEG = 0.85) than for peripheral stimulation (e EEG = 0.62, e MEG 
= 0.62 ). The dipole localization for upper and lower visual field stimulation, however, did not differ very much from 
each other for foveal stimulation either in MEG or in EEG. Furthermore, the more peripheral stimulation of the lower 
visual field yielded to dipole locations that were situated more inferior than the locations of upper field stimulation. The 
dipole orientation, however, differed between localization results based on MEG and EEG. These differences in 
orientation were not explainable by an additional radial portion in EEG. 

In a further source analysis dipoles were calculated individually for MEG and EEG at the same latencies. In 
contrast to the dipole analysis using activity peaks the dipole localization for the different conditions were not clearly 
separated. However the orientation of the dipoles for the different stimulation conditions showed great consistency 
between MEG and EEG (Fig. 3). 
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Fig. 2: MEG and EEG activity wave 
forms for the stimulation of the 
upper left and right foveal visual 
field. The different wave forms in 
MEG and EEG indicate that several 
processes overlap in time. The 
contributions of different processes 
to the total activity at various time 
points are different between MEG and 
EEG. 
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Fig. 3: Source localization results 
are based on either MEG or EEG. 
The dipole fit was performed at the 
same latency of 108 ms. For each 
head view (a-c) the results for the 
foveal and the peripheral stimulation 
condition are displayed. Dipole 
sources for the stimulation of the 
lower visual field are marked in 
black. Dipoles for stimulation of 
the upper visual field are depicted in 
gray. The side of the stimulated 
visual field is indicated by ,j“ for 
right and „1“ for left. 
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Discussion 

For precise source localization high signal-to-noise ratios are essential. The reduced global field power for 
random-dot stimulation indicates a low signal-to-noise ratio in comparison to checkerboard stimulation. This finding 
gives rise to an expectation of better source localization results for the latter stimulus type. In studies where MEG and 
EEG are combined with fMRT we therefore recommend using checkerboard stimuli in MEG/EEG even if random dot 
patterns are used in the fMRT. As a consequence of this outcome the following discussion focuses on the findings 
obtained by checkerboard stimulation only. 

The two dipole fit strategies, one using maximum peaks independently in MEG and EEG and the other using the 
same latencies for MEG and EEG, led to different results. The first approach revealed lower residual variances and more 
clearly separated source localizations for the different stimulus conditions. The second approach, however, showed good 
agreement of the dipole orientations for MEG and EEG despite the missing radial portions in MEG indicating reliable 
source localization results. Obviously the overlay of different activities in time requires that source localization of 
simultaneously measured MEG and EEG activity is performed at identical latencies. 

For the first component of the evoked visual potential and magnetic field, retinotopy concerning the side of 
stimulation was found, suggesting that this activity originates from VI, V2 or V3. Unlike in PET and fMRT, the 
accuracy of the dipole localization for EEG and MEG is not sufficient to discriminate between these areas. Assuming 
that the dipolar orientation of a cortical activity is perpendicular to the cortical surface, a more detailed distinction 
between different visual cortices might be based on the dipole orientation. In the case of activation of VI by peripheral 
stimulation mainly horizontal parts of the fissura calcarina [5] should become active resulting in a dipolar source that is 
orientated in an axial direction. Conversely, activity in V2 or V3 that covers vertical parts of the fissura calcarina dipole 
orientations should point in a transversal direction. Due to the curvature of the occipital pole of the brain it is difficult 
to predict dipole orientations for activation of VI, V2 and V3 if the fovea is stimulated. The results of the peripheral 
stimulation condition obtained in our study suggest that the activity at around 100 ms originate from the striate visual 
cortex. This interpretation is supported by results from Brecelj et al. [3] who also performed dipole source analysis based 
on simultaneously recorded MEG and EEG activity. 
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Introduction 

Checkerboard pattern reversal stimulation is most frequently used for the examination of clinical visual evoked 
potential (VEP), probably because of the excellent reproducibility and reliability of the response. Another important 
feature is that partial visual field stimulation, such as left or right half visual field, is also possible. Partial visual field 
stimulation allows comparison of different response patterns and provides information about the location of disorders 
around the visual pathways. However, the origins of the visual evoked response even for the most prominent PI00 
wave remain controversial [1]. We previously found that the triphasic N75, PI00 and N145 waves due to 
checkerboard pattern reversal stimulation originate from the bottom of the calcarine fissure at peak latencies [2] using 
visual evoked magnetic fields (VEFs). To account for the localisation of these middle to long latency components in 
the primary visual cortex, we proposed a new model in which these waves are back-projected to the primary visual 
cortex after processing in the higher visual cortices [3]. This model provides a fairly good explanation of the wave 
length dependence of the N145 wave amplitude and the prolongation and recovery of the PI00 wave latency before and 
after the removal of parieto-occipital tumor in patients [4]. The present study investigated the time course of the visual 
evoked responses by tracing the dipole locations of the triphasic waves around the peak latencies. 

Subjects and Methods 

Eleven normal volunteers (five males and six females) participated in this study. Measurements were made 
with a helmet-shaped magnetometer incorporating 122 planar first order gradiometers at 61 positions (Neuromag Ltd., 
Finland) in a darkened magnetically shielded room. Visual stimulation consisted of reversal of a green-black high 
contrast (>99%), 10x10 (9°x9°) checkerboard pattern. Luminance, peak wavelength and half maximum amplitude 
width of the green check were 22 cd/m 2 , 555 nm and 30 nm. The fixation point was the center of the pattern or 0.9° 
lateral to the pattern, and full, left half, and right half visual field stimulation were presented to the right eye of the 
subject in different sessions. Two hundred responses were processed through a 0.03 to 300 Hz band-pass filter, 
digitized at 1.2 kHz and averaged. Source localisation utilized a single equivalent current dipole model for half-visual 
field stimulation data. The effect of volume current was considered using the ‘best sphere’ determined by magnetic 
resonance (MR) imaging of each subject. Sources localised with better than 85% goodness of fit were superimposed 
on the individual MR images and compared with anatomical structures. 

Results 

Typical VEF waveforms of the latency between 0 to 200 ms of a subject are shown in Fig. 1. Left half, right 
half and full visual field stimulation results obtained in different sessions were superimposed at each sensor locations. 
Since these three waveforms were measured during different sessions, the absolute locations of the sensor position 
relative to the subject’s head were different between sessions. However, addition of left half and right half visual field 
stimulation waveform amplitude at each latency approximated quite well to the corresponding full visual field 
stimulation waveform. 

Fig. 2 shows an example of the stimulated visual field, VEF waveforms, and iso-magnetic field contour maps at 
the PI00 peak latency. Single equivalent current dipole map patterns of the N75 and PI00 wave at the peak latency 
were clearly observed on the occipital lobe contralateral to the stimulation. 

Dipole localisation utilised the minimum-norm estimates (MNE) model [5] for the source current distribution 
estimation. The time course of the source locations around the N75 or N145 wave peaks could not be traced 
reproducibly and reliably (goodness of fit > 85%) around their peak latencies. However, the PI00 dipoles could be 
traced for about 10 ms before and after the peak latency in some of the subjects. Fig. 3 illustrates an example of the 
time course of the PI00 wave between latency 105 ms to 125 ms. The PI 00 dipole started at the mid-posterior part of 
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the occipital lobe and moved forward and laterally along the bottom of the calcarine fissure. Parameters of the source 
localisation results for these measurements are summarized in Table 1. 
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Fig. 1 Visual evoked magnetic fields waveforms due to left half, right half, and full visual field stimulation. 
Waveforms are superimposed at the corresponding sensor locations of the schematic head. F, L, and R on the 
right figure indicate the PI00 peak latencies corresponding to the full, left half, and right half visual field 
stimulation, respectively. 


Table 1 Parameters of the source localisation results of the measurements shown in Fig. 3. Source 
localisations were carried out every 1 ms. Only parameters at 5 ms intervals are shown. x,y, z, Q , g , and vol 
indicate right, anterior, vertex directions, dipole moment, goodness of fit, and 95% confidence volume, 
respectively. 


latency/ms 

Jt/mm 

y/mm 

z/mm 

QJ nAm 

gl% 

vol/ mm 3 

105 

21.1 

-44.2 

43.3 

27.5 

93.5 

27.7 

110 

22.4 

-43.9 

42.8 

31.9 

95.1 

17.1 

115 

23.8 

-44.0 

42.7 

31.8 

95.3 

15.4 

120 

25.1 

-43.3 

42.8 

29.8 

94.9 

18.2 

125 

26.6 

-41.0 

43.2 

26.6 

93.1 

29.7 
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Fig. 2 Examples of stimulated visual Field (A), waveforms (B), and iso-magnetic fields contour maps at the 
P100 peak latency. 



Fig. 3 Time course of the PI 00 dipole. Left: full view of the horizontal slice. Right: close up view of the right 
occipital lobe. Thick white line indicates the bottom of the calcarine fissure. The PI 00 dipole moves laterally 
and anteriorly with time along the bottom of the calcarine fissure. 
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Discussion 

The apparent movements of the dipole may be due to errors of the source analysis. Confidence volume (Table 
1) estimates suggest an error of about 3 /~30 or 3 mm for source localisations. However, the relative movements of the 
source location with time based on time analysis and the reproducibility across the different stimulation fields and 
subjects seems to support the simple interpretation that the PI00 dipole moves forward and laterally along the bottom of 
the calcarine fissure (Fig. 3) with time. This model coincides with the anatomical structure of the primary visual 
cortex (VI). Although the structure of the human striate cortex shows considerable variation among individuals, the 
shape of the VI can be modeled by an ellipse with the longer axis along the midline in the horizontal slice. The dipole 
moves along the bottom of the calcarine fissure, with the macular part of the stimulation processed earlier than the 
peripheral part. Since the macula occupies the occipital pole, whereas the periphery of the visual field is mapped 
anteriorly [6], this model can explain the time course of the PI00 dipole movements. The central retina, which is more 
densely cellular and specialised for best visual acuity, is probably processed earlier. The central visual field of 
isoeccentricity 1° to 10° is approximately mapped on to the posterior half of the striate cortex with larger magnification 
of the central vision [7]. The dipole location of the half visual field (0.9° to 9.9°) stimulation (Fig. 3) agrees with this 
cortical magnification map of the central vision. 
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Introduction 

A windmill pattern with sinusoidal distribution of luminance along the rotation 
trajectories (Fig. 1), which is displayed rotating or stationary in alternating intervals of 1 s, 
appears to counter-rotate briefly during the resting phase, when the eyes maintain fixation to 
the centre. We examined 10 healthy volunteers from the age group of 21-40 years, who 
experienced this psychophysical phenomenon, by means of a whole-head MEG (Neuromag- 
122, Helsinki, Finland [1]) in order to trace this effect in the magnetic cortical responses. 

Methods 

The windmill with 6 black-and-white 
vanes subtended 3.37° of visual angle and 
was displayed on a computer monitor at a 
resolution of 800*600 pixels with a frame 
rate of 130 Hz [2]. Angular velocities of 
30-12007s and clockwise versus anti¬ 
clockwise rotation were applied in pseudo¬ 
random order in blocks of 10 identical 
stimuli to record both start and stop 
responses from 122 sensors within the 
frequency range of 0.03-300 Hz. For each 
condition a minimum of 200 sweeps was averaged at a sampling rate of 900 Hz. The first 
response pair in each block was rejected from the average to avoid contamination by higher 
cognitive functions such as the visual equivalent to the auditory magnetic mismatch response 
[3]. Following additional bandpass filtering at 2-50 Hz, data were further analysed by a model 
of two fixed equivalent current dipoles (ECD) fitted over an integrated time range of 50-250 
ms, after preliminary analyses have shown, that the dipole coordinates remain constant within 
chance variation if shorter intervals or time point fitting are used. Additionally, the EEG 
responses were recorded from positions T5,03, Oz, 04 and T6 referenced against Fz. 

Results 

Following initial small deflections with an onset latency of ~60 ms, both start and stop 
responses were characterised by a main peak at 120-160 ms, with the latency correlating 
inversely to the rotation velocity (Fig. 2). The polarity was identical for both conditions and 
for clockwise and anticlockwise rotation. The amplitude of the main peak was largely 
independent from velocity for the magnetic start response, but its electric counterpart as well 
as the EEG and MEG signals of the stop response at corresponding latencies showed a distinct 
loss of amplitude for slower velocities. The stop response featured an additional, more 
sustained later component of opposite direction at a latency of approximately 240 ms, which 
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maintained its amplitude 
throughout all stimulus 
velocities (Fig. 2). The 
time course of the 
estimated dipoles con¬ 
firmed that the primary 
main component of the 
stop response changed 
latency with stimulus 
velocity, but the later 
component kept a nearly 
constant latency (Fig. 3). 

The locations of the 
dipoles for the start and 
stop response respectively 
showed similar coordi¬ 
nates, which also held true 
for all velocities tested. 

The dipoles were located 
in the temporo-parieto- 

occipital border region, corresponding to area V5/V5A [4]. The orientations of the dipoles 
were rather different from subject to subject and often not mirror-symmetric (Fig. 4). 



Fig. 2: Averaged cortical responses to the start and stop of the rotating 
windmill in one EEG and two representative MEG channels of each 
hemisphere with different angular velocities of the stimulus. Peak latencies 
are indicated in ms. 


Discussion 


comes to a stop, only a 
small proportion of 
motion sensitive cells is 
met in the idling condition 
and ready to respond. 
Therefore the primary 
peak of the stop response 
had a smaller amplitude. 
The later component of 
the stop response, how¬ 
ever, retained a high 
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Fig. 3: Isocontour maps of magnetic responses in occipital view with 
estimated fixed dipoles, time course of dipole moments and goodness of fit 
curve. 


The motion start response reflects the onset of activity of motion selective cells in area 
V5/V5A. As most of them 
show a high pass property 
or a flat response curve 
within the range of 3.6- 
1127s in the monkey [5, 

6], already the slowest 
rotation velocity of 307s 
as used by us sufficed to 
activate the majority of 
cells giving a next to 
maximal amplitude for 
the main peak largely 
independent from veloci¬ 
ties. When the motion 
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amplitude for all velocities 
much like the primary start 
response, and it featured the 
opposite direction. These 
properties not only suggest, that 
it represents the return of all 
previously activated rotation 
sensitive cells to the resting 
condition, but that it 
corresponds to the motion 
aftereffect [7]. This phenome¬ 
non of illusory counter-rotation 
after the sudden stop of rotation 
was perceived by our subjects 
to occur with the same intensity 
and speed profile for all 
stimulus velocities, and it 
appeared to have a time course 
comparable to the later 
component of the stop response 
extending beyond 300 ms. 
Psychophysical experiments 
have shown, that adaptation to 
motion is independent of 
adapting temporal frequencies 
[8], or mediated by only two or 
three broadly tuned filters of 
temporal frequency [9], so that 
post-adaptation phenomena are 
expected to converge to fixed 
velocities as observed here. In 
fMRI studies it was also 
possible to detect activation of 
area V5 in consequence to the 
motion aftereffect [10]. All 
evidence cumulated, it is 
presumed that the slow second 
peak of the motion stop 
response, which is generated in 
area V5/V5A, is the electro¬ 
magnetic correlate of the 
motion aftereffect. 



Fig. 4: Dipole locations and orientations for start and stop responses 
superimposed on orthogonal slices of the individual MRIs. For 
different velocities there was only a small random variation as shown 
for the right-sided dipoles in the magnified region of area V5/V5A. 
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Methods 

In each of the two parts of the study, which were based in 
Japan and Germany, 10 healthy, right-handed volunteers from 
the age group of 21^10 years participated with the approval of 
the local ethical committee. A windmill pattern with 6 black-and- 
white vanes and sinusoidal modulation of luminance along the 
rotation trajectories was chosen as a specific stimulus (Fig. 1) and 
presented to the fovea of both eyes. Rotation phases alternated 
with stationary phases in 1 s intervals. Details of the MEG 
experiments (Neuromag-122, Helsinki, Finland) with rotation 
velocities of 30-1200°/s are presented in Haug et al. [5]. For the 
fMRI experiments, a rotation velocity of 120°/s was chosen, and 
blocks of alternating motion (stop and go) were compared with 
blocks of mere stationary presentation of the windmill (rest) (Fig. 
1). The supine subject could comfortably observe the stimulus 
through a tilted mirror above the eyes. The image subtended 10.9° 
of visual angle on a paper screen inside the examination room. 
The screen was lit from outside through a shielded window by a 
slide projector furnished with a motor-driven axially rotating slide 
cage. 


Introduction 

From monkey experiments using single cell recording the cortical area V5 a is known for its 
high specificity to process rotatory visual motion signals [1-3]. In the macaque it is localised in the 
medial superior temporal area (MST) and adjoins the inner and medial border of the more general 
motion area V5 or middle temporal area (MT). A windmill alternating between rotation and stop 
seemed to be a very selective stimulus for the human homologue of these motion specific areas, since 
we had found bilateral dipolar activity by magnetoencephalography (MEG) in the appropriate location 
of both hemispheres without evidence of stimulus-related activity 
in the primary visual areas throughout a large range of rotation 
velocities [4]. However, due to the inverse problem with dipole 
analysis the results of the MEG study are not decisive. We 
therefore intended to corroborate this finding by functional 
magnetic resonance imaging (fMRI) in 10 human subjects. 

Making use of the blood oxygenation level dependent (BOLD) 
effect, this method allows to unambiguously locate a multitude of 
cortical areas that synchronise their metabolic and haemodynamic 
activity with the stimulus condition. 



Fig. 1: The rotating windmill stimulus; 
in the motion paradigm designed for 
fMRI, blocks of "stop and go" 
alternated with blocks of "rest". 



Fig. 2: Positioning of the fMRI slices 
to include both V5/V5A and the 
primary visual area (small and big 
circles, respectively). 
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We used a clinical scanner with 15 Tesla (Gyroscan ACS/NT, Philips Medical Systems, 
Hamburg, Germany). An initial survey scan along the 3 major axes was performed to adjust the 


coordinates of the 5 parallel functional slices (Fig. 
was applied, also called segmented EPI, a hybrid 
between conventional gradient echo (fast low 
angle shot, FLASH) and pure echo planar 
imaging (EPI), with a repetition time (TR) of 259 
ms, an echo time (TE) of 35 ms and a flip angle 
of 35°. It allowed to acquire 5 slices simul¬ 
taneously in rapid succession to provide 50 
complete sets of data within 3.04 min (slice 
thickness 4 mm, acquisition matrix 128*102, 
reconstruction matrix 256*204, field of view 
250*200 mm 2 , resulting in a voxel size of 
4*0.98*0.98 mm 3 ). The first 2 sets of each trial 
were excluded, and the remaining 48 sets were 
analysed by pixelwise calculation of correlation 
coefficients according to the blocks of stimulation 
and considering a phase shift of 1 image (3.7 s) to 
account for haemodynamic latencies. Above an 
individualised threshold of 0.4 or 0.5, pixels were 
colour-coded and superimposed onto a separately 
acquired anatomical T1-weighed image to 
indicate the activation area. 


2). Multi-shot echo planar imaging (MS-EPI) 


Results 

MEG experiments had shown clear motion 
start and stop responses for all velocities tested. 
The isocontour maps of the magnetic field 
gradients as estimated from the measured signal 
showed a dipolar pattern over both hemispheres. 
The most appropriate solution for a model to 
explain the data were two fixed equivalent current 
dipoles (ECD) fitted over an integrated time range 
from 50 ms to 250 ms (Fig. 3). The dipole 
moments assigned to either hemisphere were 
considerably different between the hemispheres in 
half of the cases, but there was no general side 
dominance for the right or left among the 10 right- 
handed subjects. Since the ECDs in area V5/V5A 
were good enough to explain the overall activity, it 
was not necessary to assume additional ECDs 
within the primary visual area as found for onset 
and offset stimuli [6] (Fig. 4). 


velocity of 3007s, including original and simulated 
traces in all channels, estimated time course of dipole 
moments and goodness of fit, and contour map viewed 
from occipitally at the time of maximum activity. 


The results of the fMRI experiments were in 
accord with MEG findings for the localisation of 
the active area within the temporo-parieto- 
occipital border region, where areas V5 and V5 a 
are assumed. The exact extent of the activated 


data using a windmill pattern for on and off stimulation 
(white and black dipole, respectively) and for start of 
rotation with velocities of 30,150 and 6007s. 
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region was shown along the 
cortical surface (Fig. 5). It varied 
interindividually between 15 and 
122 mm 3 , and sometimes 
extended into 1 or 2 neighbour¬ 
ing slices. Both sides together, 
the average volume of activated 
area encompassed 763 ± 615 
mm 3 , with a median of 55 mm 3 . 

In 4 of the fMRI subjects 
activation was detected bilater¬ 
ally, in the remaining 6 subjects 
unilaterally, with equal numbers 
for right and left. With indi¬ 
vidualised thresholds for the 
correlation coefficient just above 
noise level no concomitant 
activation showed up in areas 
VI, V2 and V3, that lay within 
the functional slices. 

Discussion 

The human cortical motion area could for the first time be visualised and functionally analysed 
by combining the non-invasive and harmless techniques of fMRI and MEG. Corresponding to the 
rotatory stimulus and the postulated function of area V5 a, it is this agglomerate of rotation-sensitive 
cells that was detected in the fMRI experiments. The change between resting and rotating windmill, 
which avoids concurrent onset and offset stimuli as applied by Uusitalo et al. [7], was shown to be a 
very selective stimulus for the motion area V5 a [8]. Dipole analysis is hence put at an advantage 
with the windmill stimulus. There is no substantial co-activation of other areas such as VI, V2 and 
V3, which in turn was observed by other authors using different motion stimuli with MEG [9-11] 
and fMRI [12-14]. It is assumed that moving linear gratings or random dots inherently stimulate 
other visual areas when moving by the way of appearance/disappearance effects at the borders of 
the stimulated field. The failure of some authors to detect area V5/V5A with PET or fMRI is 
probably due to insufficient spatial resolution with a voxel size similar to or exceeding the 
prospective size of the activated area [15]. Further fMRI studies on the direct comparison between 
rotatory and linear motion stimuli will have to rely on a method to monitor and exclude saccadic 
eye movement induced in the latter during the acquisition of images. 
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Introduction 

Psychophysical studies have accumulated a large body of knowledge concerning the 'spatial-frequency chan¬ 
nels' in the human visual system. This includes the spatial-frequency-sensitivity functions, the dependences of the chan¬ 
nels' responses on the stimulus parameters such as luminance contrast, exposure duration and adaptation level. It is gen¬ 
erally supposed that the neural substrates for the spatial-frequency channels are the orientation-selective neurons with 
different receptive field sizes which are located at the cortical area VI, but the direct correspondence between the prop¬ 
erties of the neural activity in VI and those of the human perception is yet to be elucidated. In this study, we present the 
results obtained in the preliminary experiments which were conducted as a part of our research project on the functional 
relationship between the cortical activity and the human visual perception [l]-[3]. In the experiments, the dependences 
of the activity of the human cortical area VI on the spatial frequency, the luminance contrast and the exposure duration 
of the sinusoidal grating stimuli were measured by using a multi-channel magnetometer system. 

Methods 

Cortical activity measurements:Visually evoked magnetic responses were recorded in a magnetically shielded 
room with a 129-sensor, SQUID-coupled magnetometer system (Shimadzu SBI-100). The magnetometer system con¬ 
sisted of 43 triplets of detection coils which measured 3-dimensional magnetic field vectors roughly across a quarter 
(87 deg) of the brain surface. The triplets of coils resided in a liquid helium dewar and were distributed over a 24 cm 
diameter circular area. Signals from the detection coils were amplified, bandpass filtered (0-100 Hz) and averaged on¬ 
line at a sampling rate of 1 KHz. Then the data were stored in a hard disk for later off-line analyses (e.g., current source 
localization). In the experiments, the dewar was positioned over the midline at the back of each subject's head so as to 
cover the left and the right occipital cortices. Subjects were mounted with 4 positioning coils which served as markers 
for co-registration of the magnetoencephalography and the magnetic resonance images (MRI; obtained by Shimadzu 
Magnex-alpha) of each subject's brain. For further details of the magnetometer system, see [4]-[6]. 

Visual stimulation: A Sony 17SE II color CRT monitor was driven by a VSG 2/3 stimulus generator 
(Cambridge Research Systems) with a 12-bit luminance resolution for each of the R, G, and B channels. The refresh 
rate of the monitor was 150 Hz, and the gamma nonlinearity was corrected using a look-up table. The mean luminance 
of the monitor was 35 cd/m 2 . The stimuli were vertical black/white sinusoidal (or square-wave) gratings presented 
within a semi-circular window which subtended 10 deg in radius. The stimuli were presented in the right visual field 
and the vertical edge of the window was located at 1.25 deg to the right of the fixation point. In the experiments, the 
spatial frequency, the luminance contrast [(Lmax-Lmin)/(Lmax+Lmin)*100)] and the exposure duration of the gratings 
were varied over a wide range. The stimuli were viewed binocularly at a distance of 800 cm through an optical system 
composed of three front-silvered mirrors and a binocular telescope of ten magnifications. 

SubjectsiThree males (two of the authors YO and AT, and SW) served as subjects. Their ages ranged from 26 
to 41 years old. They were informed of the aim and the experimental procedures of the present study (which followed 
the experimental regulations given by the Human Experiment Committee in Kyoto Prefectural University of Medicine), 
and agreed, with written consent, to participate in the experiments. 


Results and Discussion 

In the first experiment, effects of the spatial frequency of the sinusoidal grating on the magnetic responses 
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were examined. The spatial frequency was either 0.36, 0.71, 1.43, 2.86, 4.76, 7.14 or 14.28 cpd. For the lower frequen¬ 
cies (0.36-2.86 cpd), sinusoidal gratings were used, while for the higher frequencies (2.86-14.28 cpd), square-wave 
gratings were used. The luminance contrast was 50% and the exposure duration was 500 ms. Fig. 1(a) shows an example 
of the data for one subject (YO). Each trace (average of 100 trials) is the time course of the amplitude of the global field 
power (i.e., square-root of the square-sum of the x,y,z magnetic field radial components obtained by the 43 triplets of 
the detection coils) for each spatial frequency shown at the left. The two traces for the spatial frequency of 2.86 cpd are 
for the sinusoidal and the square-wave gratings. Fig.l(b) shows the maximum peak amplitude of the early component 
(peak at around 100 ms) as a function of the spatial frequency of the grating. Circles are the data for YO [the peaks are 
indicated by arrows in Fig. 1(a)], and squares and triangles are those for AT and SW. For the two subjects (YO and 
SW), the peak amplitude vs. spatial frequency functions are described by a band-pass characteristic peaking at around 3 
cpd, while for the other (AT), the function is described by a low-pass characteristic with a cut-off frequency at around 5 
cpd. These patterns of results are generally consistent with the contrast sensitivity functions obtained psychophysically 
[7], but further observations and analyses indicated that the spatial-frequency dependence of the peak amplitude may 
not be contributed by a single cortical area. 




Time (ms) s P atial frequency (cpd) 

Fig.l. (a): The time course of the amplitude of the global field power for each spatial frequency of the grating, 
(b): The maximum peak amplitude as a function of the spatial frequency of the grating. 


Fig. 1(a) indicates that, for the middle spatial frequency of 2.86 cpd, the global field power function for YO 
shows a distinct peak at around 110 ms. For the higher frequencies (4.76-14.28 cpd), the peak latency increases and the 
peak amplitude decreases with increase in the frequency, and the response almost diminishes at the highest frequency of 
14.28 cpd. Similar variations of the peak latency and amplitude were obtained for the other two subjects, although their 
global field power functions showed an additional later peak with the latency around 150 - 180 ms. For the lower fre¬ 
quencies (0.36-1.43 cpd), on the other hand, the global field power for YO is relatively small and changes gradually 
with time, resulting in that the functions do not indicate distinct peak(s). Also individual difference was large for these 



Fig. 2. The results of the current sourse localization using a single dipole model. 

(a): Spatial frequency of 0.36 cpd (latency 84ms) (b): Spatial frequecy of 2.86 cpd (latency 110ms) 
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frequencies so that a clear tendency common to the three subjects was not observed. 

Fig. 2 shows examples of the results of the current source localization using a single dipole model in conjunc¬ 
tion with the MRI data; the left panel is for the spatial frequency of 0.36 cpd and the latency of 84 ms, and the right for 
the 2.86 cpd and 110 ms [see arrows in Fig. 1(a)]. The estimated source locations are indicated by white circles. The 
source localization for the 2.86 cpd grating indicated that, with very high reliability (goodness of fit = 98.8%), the early 
peak of the evoked response originated from the cortical activity in the vicinity of the calcarine sulcus, presumably VI, 
in the left occipital cortex. Similar results were obtained for the higher frequencies of 4.76 and 7.14 cpds and for the 
other two subjects. For the 0.36 cpd grating, the source localization was not successful (goodness of fit = 88.6%), and 
the estimated current source was located at the anterior and/or parieto-lateral region relative to VI. The results for the 
lower frequencies of 0.71 and 1.43 cpds showed a similar characteristic. For the lower frequencies, the magnetic 
response may be contributed by the activities in multiple cortical areas but not by the area estimated with the single 
dipole model. In the following, the data for the spatial frequency of 2.86 cpd are presented for which the estimated cur¬ 
rent source (with the single dipole model) was reliably localized at VI. 

In the second experiment, effects of the luminance contrast were examined. Seven contrast levels (10, 15, 20, 
25, 30, 40 and 50%) were employed. The spatial frequency was 2.86 cpd and the exposure duration was 500 ms. 
Fig.3(a) and (b) show the maximum peak amplitude and the peak latency of the global field power as a function of the 
luminance contrast of the grating. For the two subjects (YO and SW), the peak amplitude [Fig.3(a)] increases with 
increasing the luminance contrast up to the highest level employed (50%). A different pattern of results was obtained for 
the other subject (AT), for whom the peak amplitude does not show any tendency to increase, but for the higher spatial 
frequency of 4.76 cpd (the data not shown), a clear increase in the peak amplitude was obtained for this subject as well 
as for the other two. The peak latency for the three subjects [Fig.3(b)] clearly decreases with increasing the luminance 
contrast. These results indicate that the VI response becomes larger and its latency becomes reduced with increase in 
the luminance contrast of the grating. 




Fig. 3. (a) The maximum peak amplitude and (b) the peak latency of the global field power 
as a function of the luminance contrast of the grating. 

In the final experiment, effects of the exposure duration were examined. The exposure duration was either 13, 
20, 27, 33, 40, 53 or 500 ms. The spatial frequency was 2.86 cpd and the luminance contrast was 30%. Fig.4(a) and (b) 
show the maximum peak amplitude and the peak latency of the global field power as a function of the exposure dura¬ 
tion of the grating. The peak amplitude [Fig.4(a)J increases for the shorter exposure durations below about 40 ms, and 
saturates for the longer durations. The peak latency [Fig.4(b)], on the other hand, is almost invariant with change in the 
exposure duration. The pattern of results is quite similar for the three subjects. The increase in the peak amplitude indi¬ 
cates that the VI response is temporally integrated over the interval around 40 ms. 

The effects of the luminance contrast and the exposure duration on the neural activity in the human visual cor¬ 
tex are consistent with those obtained in the VEP studies reported previously [8][9]. The present study elucidate further 
that, for the higher spatial frequencies (> 2.86 cpd), the dependence on the luminance contrast and the exposure duration 
originated from the activity in the cortical area VI. 

The invariance of the peak latency of the global field power with change in the exposure duration has an 
important implication for the psychophysical models of human contrast perception at or near the detection threshold. 
Psychophysical studies have shown that the spatio-temporal properties of the human contrast detection may be well 
described by a Meaky-integrator' model which is composed of spatial-frequency-selective linear filters, non-linear 
response compression, an additive noise and a threshold device (e.g., [10]). One of the fundamental predictions by the 
model is that, with increasing the exposure duration, the peak of the filter's output should be delayed, because the out¬ 
put is prescribed by a convolution of the stimulus temporal waveform and the filter's impulse response. This is clearly 
not the case for the results obtained in the present study (and also those in the VEP study [8]). It is suggested that the 
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Fig. 4. (a) The maximum peak amplitude and (b) the peak latency of the global field power 
as a function of the exposure duration of the grating. 


neural substrate(s) of the linear filter (and the non-linear response compression) may not be the VI neurons but located 
at somewhere in the extra-striate cortex. Alternatively, the human contrast detection may be mediated by a mechanism 
different from the one prescribed by the leaky-integrator model. If so, models of temporal coding or coincidence detec¬ 
tion [11 ][12] may provide a conceptual framework for the re-examination of the process of contrast detection from a 
new point of view. 


Conclusions 

The main findings obtained in the present study are summarized as follows. 

(1) For the grating stimuli of the higher spatial frequencies (>2.86 cpd), the early components of the magnetic response 
(peak at around 100ms) originate from the activity in the cortical area VI. For the lower frequencies (<2.86 cpd), 
the early components may be contributed by multiple cortical areas which are not specified by the single dipole 
model. 

(2) The maximum peak amplitude of the VI response increases with increasing the luminance contrast or the exposure 
duration of the stimulus. The latency of the peak increases with decreasing the luminance contrast, but is invariant 
with change in the exposure duration. 

(3) The invariance of the peak latency with the exposure duration can not be explained in terms of the leaky-integrator 
model which has been widely employed to explain the psychophysical data for human contrast detection. 
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Introduction 

The information acquired first by our eyes must be processed by the complex human visual system, for the 
visual recognition of objects (1-31. Humans, however, cannot be conscious of all the processes involved in this 
recognition |4|. All we can perceive consciously arc some results of these processes. Although many cortical areas arc 
involved in these processes, it is not certain whether there arc areas which correspond to the conscious perception, and. 
if there are, where these areas are. In this study we sought for the cortical activity related to the recognition of characters 
with magnetoencephalography (MEG). MEG has high spatial and temporal resolution, on the order of millimeters and 
milliseconds, rcspeclively|5,6|. The one of the problem for MEG to specify the cortical areas responsible for character 
recognition is the interference by the luminance change accompanying the presentation of the stimulus character. To 
solve this problem, in the present study, we developed a novel stimulus method, random dots blinking (RDB) which 
used temporal changes in patterns of a large number of small random dots to present a character without the luminance 
change. The objective of the present study was to clarify the temporal and spatial information for character recognition 
in humans using the RDB method and MEG. 

Methods 

The subjects were six healthy volunteers (three women and three men, ranged 24-32 years old). Five were right- 
handed and the other was left-handed. All had normal or corrcctcd-to-normal visual acuity. 

The stimulus was presented on a screen at a distance of 250 cm from the subject. One cm corresponded to 0.23 
degrees as the visual angle. White dots (200 cd/m2, 0.7 cm in diameter) were presented on a black background field 
(10cd/m2, 30x30 cm square ). The dots were arranged in 42 rows and 42 columns. Every 16.7 ms, each dot turned white 
or black according to pseudo-random plan, so as to present a sequence of random dot patterns, which we termed 
“random dot blinking (RDB)”. The ratio of the numbers of the while and black dots were fixed in 1:3 throughout the 
presentation in order to keep the mean luminance of the field constant. For displaying the letter characters, the dots 
forming the letter were kept unchanged while the other dots were changed (Fig. la), so as to bring about the segregation 
between the letter and the surroundings. In other words, it was impossible to recognize a character by looking at an 
individual pattern of the dots, but when the dots shaping a character stopped the blink for a while, the subjects 
recognized the character in the blinking surround dots. Actually, the subjects reported that the character appeared in the 
field of the blinking dots, and then disappeared. Its clarity increased as the character display duration increased. There 
was no fixation point, but the subjects were instructed to look at the center of the presentation field in their central vision 
with both eyes. 

There were 600 trials for one experimental session. One trial was composed of a presentation of one English 
character in the random dot patterns. The character was randomly selected from 16 capital alphabet letters 
(ACDEHJKLNQSTUVYZ). Characters looking like each other or other symbols were excluded. The display duration of 
the character was pscudo-randomly selected among 67 (SHORT), 100 (MIDDLE) and 150 ms (LONG duration). Figure 
lb shows the stimulus sequence. There were 200 trials for each display duration, 600 in total. 

Subjects were instructed to discriminate the character for each trial. The subjects lay with their right side down on a 
bed. The stimulus was projected on the screen in the magnetically shielded dark (10 lux) room from the outside through 
the small window with a liquid crystal video projector (BD3100, BARCO). A 37-channel biomagnetometer (Magnes, 
BTi, San Diego, CA) was centered at the right parieto-occipital region of the subject. The diameter of the sensor array 
was 144 mm. The sensor coils were the coaxial gradiometers. The acquisition of the magnetic response started 100 ms 
before and ended 500 ms after the character onset. The responses were filtered with a 0.1-50 Hz analogue band-pass 
filter, digitized at the rate of 520.8 Hz and averaged 200 times for each condition. The direct current offset in each 
channel was eliminated by setting to zero the mean level during the 100 ms before the character onset. 

To measure the discrimination accuracy (%) to know how well the subjects could recognize the characters, eight 
trials in each display duration condition (total of 24 trials) were sampled. When such a trial was completed, we asked the 
subjects to report verbally which character they perceive. We calculated the percentage of characters which they could 
discriminate precisely for each display duration. When they could perceive a figure but could not tell what it was, we 
counted it by half for the calculation. To prevent the subjects from preparing for this inquiry, these sampling trials 
occurred pseudo-irregularly during the session. 

The time course of the root-mean-squarc (RMS) across the 37 channels was calculated for each condition for each 
subject to measure the strength of the magnetic field. We compared the peak latencies and the peak amplitudes of the 
recognizable MEG components using the RMS peak among the subjects and among the conditions with an analysis of 
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variance (ANOVA), and P<0.05 was considered lo be significant. 

We estimated the signal source around the peak latency using the single equivalent current dipole (ECD) model 0 , 
and adopted the dipoles which met the following criteria: the isocontour maps show a typical single ECD pattern, the 
correlation between the recorded field and the estimated field arc more than 0.95, and the 3-D (x, y and z) coordinates 
are stable (±10 mm along each coordinate) for some period, at least 10 ms. 

Results 

All six of the subjects could perceive the displayed characters. In the SHORT display duration, the discrimination 
accuracy was less than 20 % in 5 of the subjects, but in the LONG the discrimination accuracy was over 80 % in all 
subjects (Fig. 2a). The discrimination accuracy was improved as the display duration became longer, but was not 
linearly proportional to the display duration. Though there was an inter-individual difference, its tendency was similarly 
found in all subjects. The discrimination accuracy in the SHORT was significantly smaller than in the MIDDLE 
(PcO.OI) and LONG (PcO.OI) duration, and the discrimination accuracy in the MIDDLE was significantly smaller than 
that in the LONG (P<().()5). 

Figure 3 shows waveforms of the magnetic response and the RMS changes in 2 representative subjects. Within 200 
ms alter the character onset, no significant component was identified for all of the display duration in any oflhe subjects. 
One component (IM) was clearly identified in all the six subjects for the MIDDLE and LONG display duration, and in 
the four subjects for the SHORT duration. The onset latency of the IM was about 200 ms and the peak RMS latency 
was about 300 ms (30lms±20ms for SHORT, 294 + 19 for MIDDLE and 295±22 for LONG (mcan±SD)). These 
values did not show significant changes for each display duration in any subject (P>0.05). The peak amplitude of the IM 
was positively correlated with the display duration, but not linearly proportional to it (Fig. 2b). It was the largest in the 
LONG and the smallest in the SHORT duration in each subject. The IM amplitude in the SHORT duration was 
significantly smaller than the MIDDLE (PcO.OI), and that in the MIDDLE was significantly smaller than that in the 
LONG duration (P<0.05). The signal sources for the IM were estimated in the right occipilo-tcmporal area, around the 
fusiform gyrus, in 4 subjects (Fig. 4), and were in the angular gyrus in one subject. In another subject, the ECD was not 
estimated because of the slightly poor correlation (0.87) between the actual and the estimated field. The estimated 
location was stable for the three sets of display duration in each subject. ECDs were not estimated in the primary visual 
cortex for any conditions in any subject. 

Discussion 

We developed a novel stimulation method, RDB, to reduce the time-locked large activities to the luminance change 
accompanying the stimulus presentation. No significant MEG component was identified from the primary visual cortex 
(VI), though the neurons in VI must be activated while the subjects are watching the stimulus. We speculate that this 
result is because the continuous neural activities in the VI to RDB are not time-locked, and thus, no significant response 
is identified by the averaging method. In other words, the activation of the VI may be insufficient for the visual 
perception, as Crick and Koch proposed [4]. In contrast, the neural activities generating the IM were clearly time-locked, 
probably starting at the period when the subjects recognized the character, so that a clear component was recorded. 

We suspect that the IM component reflects the cortical activity related to the conscious recognition of the 
characters, for the following reasons. First, the IM component, 200-300 ms in latency, does not seem to be evoked by 
the luminance change, because the magnetic fields evoked by the luminance change usually consist of a few components 
within 150 ms after the stimulus and their ECDs are estimated in the VI [10-12]. Second, the IM was not generated 
when the subjects did not recognize the character. The changes of the amplitude and the discrimination accuracy showed 
a positive correlation with the display duration of characters. The relatively small difference of both amplitude and the 
discrimination accuracy between the MIDDLE and the LONG duration indicates that whether the subjects discriminated 
the character or not is the most important factor. In other words, the IM should be generated only when the subjects 
recognized the character and the neural activities generating the IM become larger as the clarity of the character was 
increased. The onset and the peak latencies of the IM were not affected by the display duration. This finding indicates 
that the period which is necessary to activate the cortical region generating the IM does not depend on the clarity of 
characters but on whether it is recognized or not. 

All of the estimated ECDs of the IM were located in the extrastriate cortex, around the fusiform gyrus. Previous 
studies showed that these areas might be involved in the recognition processing of faces, letters and various types of 
objects by recording electrocorticogram 13 , positron emission tomography 14, functional magnetic resonance imaging 15 
and MEG 17,18 . The results in our study were generally compatible with those, and also implied that the activity in these 
areas relates to the conscious perception objects. 

We speculate that the IM is related to character recognition. However, some activities related to the simple shape 
perception or other factors may be intermingled. When subjects recognized something but could not understand what it 
was, which occurred mainly in the SHORT duration, the IM was small in amplitude. Therefore, we think that the 
contribution of a recognition process for simple shapes is small, but further studies using various kinds of visual 
stimulation arc necessary to address this issue. 
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Figure 1. 

(a) : The stimulus was a series of the random dot patterns. Each pattern consisted of 441 dots selected at pseudo 
random from a 42x42 matrix, and wass renewed every 16.7 ms. Then the dots appeared to be blinking randomly. 
For the presentation of a character, the dots forming the character shape were kept unchanged through several 
patterns. In other word, the blink of the dots shaping a character stopped for a while in the blinking background 
dots. Two successive patterns are shown. For it is impossible to recognize 'A' for example by looking at each 
individual pattern, we have added thin white line to the figure to indicate 'A'. 

(b) : Scheme of the stimulus and MEG acquisition sequence for a trial. (1): the random dot patterns for 1000- 
1400 ms before the character onset. (2): the characters presentation for 67, 100 or 150 ms. (3): the random 
dot patterns for 500-800 ms after the character offset. (4): All the dots are kept still for 500 ms as the inter¬ 
trial blank. The MEG acquisition: 100 ms before and 500 ms after the character onset. 




Figure 2 

(a): Comparison of the discrimination accuracy (%) of the characters with the display duration. Each symbol 
represents one of the six subjects. The label SHORT means the display duration of 67 ms, MIDDLE 100 ms 
and LONG 150 ms. (b): Comparison of the 1M amplitude for the display duration. Each symbol represents 
the same subject as in Figure 2a. The amplitude values are normalized with that in LONG duration as 1.0. 





Figure 3 

Superimposition of the magnetic waveforms and the RMS of two of the subjects for the three display duration. 
The percentage of the discrimination accuracy (DA) is also shown. The arrow indicated the character display 
period. One coponent (1M) is identified around 300 ms after the character onset. 
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Figure 4 

The estimated ECDs of the 1M component are over¬ 
lapped on the coronal and axial MR images for each 
display duration in one representative subject. They 
are located in the right fusiform gyrus. The locations 
are almost the same regardless of the difference of 
the display duration, and stable within 260-300 ms 
after the onset of the character. The correlation for 
the ECDs in the figure were the folowing. 

0.95 (SHORT), 0.98(MIDDLE), and 0.98(LONG). 

(Subject 1, 294 ms) 
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Abstract 

Color and motion perception are processed parallelly. We recorded visual evoked magnetic fields (VEFs) to 
investigate the color and motion specific cortical responses. To detect the color specific cortical response, we recorded 
red-green (RG)or yellow-black (YB) checkerboard pattern appearance stimulation in 5 males. Additionally, we tested the 
effect of contrast changes in YB stimuli on VEFs in two subjects. To detect the motion specific cortical response, we 
recorded VEFs to checkerboard pattern reversal and apparent motion (AM) stimulation in 9 males. The N 120m of RG had 
greater magnitude of the responses than the N95m of YB. N95m was diminished in low contrast of YB. The location of 
dipoles of N120m and N95m were estimated in the primary visual cortex with the direction of medial to lateral in a coronal 
view. We consider that N 120m of RG reflects the color response rather than the contrast. AM stimulation evoked PI 20m 
whose dipoles were estimated in the primary visual cortex with the direction of lateral to medial in a coronal view. The 
location of the PI 20m dipole was more lateral compared with that of the PlOOm dipole of checkerboard pattern reversal 
stimulation. Weassumethat P120m and PlOOm components reflect the motion perception. Therefore, color and motion 
perception are processed differently in the primary visual cortex. 

Introduction 

There is increasing evidence that color and motion perception are processed parallelly via different pathways in 
humans [1, 2]. Wave length information is conveyed via the parvocellular afferent system in the lateral geniculate body, 
which projects to area 17 (VI), then the wave length selective input is provided to V4. The motion information is 
conveyed via the magnocellular afferent system in the lateral geniculate body, which projects to VI, then the direction 
selective input is provided to MT. The parvocellular pathway is thought to be responsible for detecting form and color 
because of its high spatial resolution, color-sensitivity, low contrast sensitivity, and slow temporal resolution. The 
magnocellular pathway is thought to be important in detecting dynamic form and motion because of its fast temporal 
resolution, high contrast sensitivity, color insensitivity, and low spatial resolution. Magnetoencephalography (MEG) is 
a useful instrument to investigate the cortical neural generator sources because it can avoid the effects of volume 
conductors such as skin, bone, cerebrospinal fluid [3]. Therefore, we recorded visual evoked magnetic fields (VEFs) to 
investigate the color and motion specific cortical responses by using several visual stimuli; red-green (RG) and 
yellow-black (YB) checkerboard pattern appearance stimulation, YB checkerboard pattern reversal, and apparent motion 
(AM) stimulation. 

Methods 

Nine young adults with normal visual acuity were subjected to the present study. They gave their informed 
consent after the nature of the experiment had been fully explained. All tests were performed on the right eye in a prone 
position on abed. The visual stimulation, reflected by a mirror via a liquid crystal projector, was projected to the screen 
on a floor inside magnetically shielded room. VEFs of the occipital region and scalp visual evoked potentials (VEPs) were 
recorded simultaneously. A 37-channel DC-SQUID with a first order gradiometer (BTi Magnes) was used for the magnetic 
measurements. The device measured 144 mm in diameter. The sensor was positioned in the cotralateral occipital regions 
of the visual stimulation. VEPs were recorded from electrodes at Oz, Ol and 02 with Fz reference (International 10-20 
system). A total of 100 responses were averaged in one trial. The trials were repeated three times, thus 300 signals made 
up one response in each session. The dipole source localization was performed using the least squares search. The best fit 
single equivalent dipole was thus estimated every 1 msec. The correlation between the theoretical field generated by the 
estimated equivalent dipole and the observed field and a confidence volume which used a 95% Bayesian confidence region 
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were used to determine whether or not a good fit was achieved. Then the single dipole with the highest correlation was 
chosen in some time window. Only the dipole sources with correlation coefficients greater than 0.95 and with a confidence 
volume less than 10 2 cm 3 were analyzed [4]. Then, the calculated dipoles were overlaid on the MRI of the subject's brain. 
Experiment 7. A study on the color specific cortical responses 

To detect the color specific cortical responses, we recorded red-green checkerboard pattern appearance (RG-CA) 
or yellow-black checkerboard pattern appearance (YB-CA) stimulation in 5 males (10 hemispheres). Additionally, we 
tested the effect of contrast changes in YB stimuli on VEFs in two subjects. Checkerboard pattern appeared every 1 sec 
for 200 msec followed by a yellowish white back ground for 800msec. The stimulating field subtended 8 deg in radius and 
the check size was 50 min of arc. Each half visual field was stimulated. The mean luminance of RG-CA (contrast, 12%), 
YB-CA of high contrast (82%)and YB-CA of low contrast (21%) were 2.57 cd/m 2 , 3.43 cd/m 2 , 1.75 cd/m 2 , respectively. 
Wave forms of VEFresponses were compared. About 30 msec around the peak of the VEFs between 110 and 170 msec 
were analyzed to compare the neural generators. 

Experiment 2. A study on the motion specific cortical responses 

To detect the motion specific cortical responses, we recorded VEFs to checkerboard pattern reversal (CR)and 
apparent motion (AM) stimulation in 9 males (18 hemispheres). A yellow-black checkerboard pattern was phase reversed 
at 1 Hz. The stimulating field subtended8 deg in radius and the check size was 50 min of arc. Each half visual field was 
stimulated. The mean luminance was 3.43 cd/m 2 with a contrast level of 82%. The AM stimulation was displayed in half 
visual field Two squares at opposite comers of a hypothetical square were presented together for 500msec [5]. These 
squares were then extinguished and squares at the remaining two comers presented for the same duration. Witli this 
procedure repeated in a continuous cycle without any intervening blank fields, either vertical or horizontal motion could 
be perceived. The distance between the center of each square was 3 deg of arc and squares themselves subtended 50 min of 
arc. 

Results 

Experiment 1. VEFs and VEPs to chromatic and achromatic stimulation 

A representative examples of VEFs and VEPs are shown in Fig. 1A. Both responses of RG-CA and YB-CA 
had a major peak between 110 and 170 msec. We named the peak as N120m for RG-CA and N95m for YB-CA. The 
N120m had greater magnitude of the responses and longer peak latency than those of the N95m. Although the contrast 
was greaterin lowcontrast YB-CA than in RG-CA, N95m was smaller than N120min magnitude (data not shown). All 
dipoles of RG-CA and 8 of 10 dipoles of YB-CA satisfied our standard criteria for the accuracy of dipole estimation. In 
these dipoles, the mean latenciesof estimated dipoles of RG-CA and YB-CA were 159 ± 2.9 (mean± SD) and 124.9± 
6.4 msec, respectively. The dipole moments were 52.5 ± 38.9 nAm for RG-CA and 32.6 ± 17.7 nAmfor YB-CA. The 
intensity of magnetic fields were 86.4 ± 28.0 fT for RG-CA and 61.4 ± 23.7 (T for YB-CA. The dipole location of 
N120m was not significantly different from that of N95m. These dipoles were located in the occipital region contralateral 
to the stimulated visual half-field and the current direction was from the medial to lateral in a coronal view (Fig. IB). 
These dipoles were located around the calcarine fissure when overlaid on the MRI. 

Experiment 2. VEFs and VEPs to pattern reversal and motion stimulation 

A representative examples of VEFs and VEPs are shown in Fig.2A. Responses of CR had two major peaks 
while AM had one or two major peaks. We named the early peak as PlOOm forCR and P120m for AM. Sixteen of 18 
dipoles of PlOOm and 6 of 18 dipoles of P 120m satisfied our standard criteria for the accuracy of dipole estimation. In 
these dipoles, the mean latencies of estimated dipoles of PlOOm and PI20m were 126.8 ± 9.8 and 150.0 ± 17.8 msec, 
respectively. The dipole moments were 27.2 ± 17.8 nAm for PlOOm and 20.3 ± 15.4 nAm for P120m. The dipole 
location of P120m was more lateral than that of PlOOm. These dipoles were located in the occipital region contralateral 
to the stimulated visual half-field and the current direction was from the lateral to medial in a coronal view (Fig. 2B). 
These dipoles were located around the calcarine fissure when overlaid on the MRI. 

Discussion 

Color specific cortical responses 

Tobimatsu et al [5] reported that chromatic stimulation evoked a negative wave with peak latency around 120 
msec(N120) at mid-occipital electrode and that N120 responded maximally to isoluminant stimulation. Because of 
several technical problems, we were forced to use low contrast (non-isoluminant) RG-CA stimulation. Although the 
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Fig. 1 (A) Waveforms of VEFs and VEPs to thecheckerboad appearance stimulation of red-green (RG) and yellow-black 
(YB). Right half visual field was stimulated. The RG stimulus evoked N120 in VEPs and N120m in VEFs while the YB 
stimulus produced N95 and N95m. The N120m had greater magnitude of the responses and longer peak latency than those of 
the N95m. (B)The location and direction of the estimated dipole sources of N120m and N95m. The location of N120m dipole 
was not different from that of N95m. These dipoles were located in the occipital region contralateral to the stimulated visual 
half-field and the current direction was from the medial to lateral in a coronal view. 



Fig. 2 (A) Wave forms of VEFs and VEPs to the checkerboard reversal stimulation (CR) and apparent motion stimulation 
(AM). Left half visual field was stimulated. The CR stimulus evoked P100 in VEPs and PlOOm in VEFs while the AM 
produced P120 and P120m. (B) The location and direction of the estimated dipole sources of PlOOm and P120m. The 
location of P120m dipole was more lateral than that of PlOOm. These dipoles were located in the occipital region 
contralateral to the stimulated visual half-field and the current direction was from the lateral to medial in a coronal view. 


587 






































contrast was greaterin lowcontrast YB-CAthan in RG-CA, N95m was smaller than N120m. Moreover,the N120mof 
RG-CA had greater magnitude of the responses and longer peak latency than those of the N95m of high contrast YB- 
CA. These findings indicate that the N120m reflects the color response rather than the contrast response though we did 
not use isoluminant RG-CA. The location of dipoles of N120m andN95m were estimated in the primary visual cortex. 
Primary visual cortex has the function to discriminate the color information in monkey [6]. Our results reveal that the 
human primary cortex also has the function to discriminate the color information. 

Several studies [1,2,7] showed that the color information is processed via extrastriate cortex. In our study, we 
could not obtain the activation of extrastriate cortex in MEG. There may be three reasons. First, the sensor whose 
diameter was 144mm was positioned across midlineso that it could not detect the activation of lateral side of brain, i.e. 
temporal lobe or lateral occipital lobe. Second, the generator sources were too deep to be detected and were lost in the 
activities of primary visual cortex. Third, theoretically, the sensor could not detect the current dipole which lines 
perpendicular to the scalp, then such current dipole might be omitted. 

Motion specific cortical responses 

Previous electrophysiological studies have shown that both VI and MT have activities when the motion 
information is processed [8]. The motion components to luminance contrast is detected by primary visual cortex in first 
stage then processed to MT in higher stage [9]. In our study, AM stimulation evoked P120m whose dipoles were 
estimated only in the primary visual cortex. In man, about 90 % of the relative motion specific signal could be attributed 
to sources within VI [10]. This might cause the sole activation of primary visual cortex in our study. 

The location of the P120m dipoles was more lateral compared with those of the PlOOm dipoles. However, the 
dipole of P120m and PlOOm was estimated in the primary visual cortex when they were overlaid on MRI. In addition, 
the current direction of PI 20m and PlOOm was same as previous studies [10,4]. Therefore, we assume that both PI 20m 
and PlOOm components reflect the same motion perception. 

Conclusion 

From the above mentioned findings, we can record specific responses to color and motion perception in the 
primary visual cortex by using MEG. We consider that N120m of RG-CA reflects the color response rather than the 
contrast response while both P120m of AM stimulation and PlOOm of YB reversal reflect the motion perception. 
Therefore, color and motion perception are processed differently in the primary visual cortex. 
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Introduction 

Presentation random dots moving in the opposite directions produces perception of contours which is not 
physically present, separating the groups of random dots moving in the different directions (Fig. I) 111 Signals of 
contextual modulation (CM) transmitting the contextual (Gestalt) information to individual visual cortical neurons are 
supposed to underlie the perception of motion from contour (CFM) and have been studied as the difference between 
the cortical responses to segmented motion (SM) where random dots (RDs) in the neighbors segments moved in 
opposite directions and homogenous motion (HM) where all RDs uniformly moved in the same direction 11,21. It was 
shown that the CM signals appeared in V1 neurons superposed on a tail part of the responses to the HM stimuli with a 
delay of 30 -50 ms to the onset of the HM responses (latency, 50 ms) [3]. However it remains to be studied whether 
there are CM responses in other visual cortical areas, including V2-V5 or from where the CM signals are conveyed to 
VI [4,51. 

In this study, these questions were answered by using three dimensional (3D) magnetometer-spatial filter 
system which was capable of resolving the magnetoenchalograms (MEGs) into activities in individual visual cortical 
areas with high sapatial and temporal resolution. 

Methods 

MEGs evoked by visual stimulation were recorded in 3 right-handed male subjects (NG, KY and SW) aged 
29-32, focusing the 3D magnetometer (vShimadzu, SBI-100, 129ch) to the left occipital cortex. Experiments were 
conducted according to the experimental regulations given by the Human Experiment Committee in Kyoto Prefecture 
University of Medicine, including taking informed consents from experimental subjects so that they understood the 
aim and experimental procedures of this study (HRC-5). The subjects were mounted with three flat positioning coils 
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(diameter 11.4 mm, 10 turns) each of which contained a plastic disc filled with 0.1 % NiCl in the center, one on the 
mid-frontal skin and two on the left and right temporal skin. The NiCl discs served as markers for calibration of the 
coil positions by die magnetic resonance imaging (MRI; Shimadzu, Magnex-alpha, 0.5T). The calibration was 
conducted before and after the MEG measurement by passing currents (0.2 - 5 mA at 10 Hz) through the coils. The 
coil positions were determined in the MRI images as well as for the MEGs by the conventional current source analysis 
and were used for the 3D coordinates of spatial filter current profiles to be superimposed on the MRI images. 

The visual stimuli exhibited homogenous motion (HM in Fig. lb, left) where all random dots were transiently 
moved in a uniform direction, or segmented motion (SM in Fig.lb, right) where random dots were separated into 6 x 6 
areas, and moved in opposite directions between neighboring areas [ 11. They were presented to the right visual field 
(subtended angle, 16 x 16°) of the subject in a quasi-random sequence and with quasi-random intervals using a liquid- 
crystal projector (Sanyo LP-9200). The HM stimuli yielded perception of uniform motion of the random dots, while 
the SM stimuli yielded vivid perception of subjective contours separating random dots moving in the opposite 
directions, although they were not physically present. 

Evoked magnetic field was measured from -100ms to 900ms after the onset of the visual stimuli (sampling 
rate, 1 kHz). Four hundred epochs were selectively averaged on-line into responses to HM or SM stimulus. The current 
sources for the averaged responses were estimated by the conventional current source analysis [7,8], and the spatial 
filter was focused to the current sources [9-15]. 

Results 

Figure 2 illustrates averaged MEGs for HM (Fig. 2a) and SM stimuli (Fig. 2b). Both responses contained 
three peaks, and the conventional current source analysis showed the major current sources for the early peak (latency, 
102 ± 7 ms) in the middle part of the upper bank of the calcarine sulcus with a reasonable high reliability (goodness of 
fit > 92%), and middle (131 ± 14 ms) and late peaks (170 ± 11 ms) at the posterior part of the medial occipital gyrus 
and die lower segment of the posterior bank of the anterior occipital sulcus in the left hemisphere with slightly lower 
reliability (> 85 %), which corresponded to the areas identified as VI, V2/3 and V5, respectively by the previous 
studies [16,17]. 

The spatial filters focused to die three sites of the major current sources for die MEGs in VI, V2/3 and V5 
(white circles in Figs. 3a) resolved the MEGs into the individual responses in each cortical area. The responses to die 
HM stimulus (fine traces in Fig. 3b) occurred earliest in VI (latency, 56 ± 8 ms) and later in V2/3 (75 ± 13 ms) and V5 
(81 ± 12 ms). The VI responses to die SM stimulus (bold traces) were similar to those to the HM stimulus in the initial 
half of the sampling periods but significantly became larger in the later half than the HM responses. The CM responses 
determined as die difference of the SM from HM responses (DIF) were strongest in V2/3 (106 ± 22 % of peak HM 
responses), and variable among subjects in VI (15 ± 88 %) and in V5 (-58 ± 30 %). The onset of die CM responses 
was earlier in V2/V3 (latency, 125 ± 8 ms; upward arrows in green traces) than in VI (latency, 217 ± 4 ms), and was 
significandy delayed from dial for bodi HM and SM stimuli in V5. Responses to die HM and HM with similar spatio- 
temporal patters were also observed for two odier human subjects (KY and SW). 

Discussion 

The 3D magnetometer-spatial filter system resolved die MEGs responses in the human brain to HM and SM stimuli in V1, 

V2/3, and V5 and demonstrated the CM responses in V2/3, which is in general agreement with the findings of the 1MRI 
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Visual stimuli for contour from motion (CFM). a, 10% random dot pattern projected on the rear screen. Dots 
shift simultaneously with the same velocity toward one of the four oblique directions (left upper, left lower, right 
upper or right lower) to present apparent motion, b. Two kinds of apparent motion were presented: homoge¬ 
neous motion (HM) and segmented motion (SM). In HM, all dots moved to the same direction (i. e, right upper) 
and no subjective contour was perceived. In SM, stimulus pattern was separated into 6x6 small areas and dots 
in each area moved in the opposite direction of those in the neighboring areas. Perception of vivid contour 
occured transiently at the border of small areas which did not exist physically (gray lines). 
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Fig. 2 Averaged output of 129ch 3D magnetometer in HM and SM (200 times, each). Note the enhanced responses 
in SM after the first peak. 



Fig. 3 Output of spatial filter focused on V1, V2/3 and V5. a, Spatial filter, which convert magnetic field to local 
electric current of the brain, was focused on the left VI, V2/3, and V5. White circles on the MRI indicate the 
focus points, b. Output of the spatial filter to HM and SM stimuli. Note that the enhancement of response in SM 
to HM (as described by CM) in VI (arrow head) occurs well after those in V2/3(arrow), suggesting that re¬ 
entrant projection from the higher visual cortices to the primary visual cortex causes CM responses. 
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study using similar stimuli [6|. The time eourse of the responses in these cortical areas to these stimuli as well as that of 
the CM responses also agreed with those reported in the monkey visual cortex [3| using corresponding visual stimuli. It 
remains to he shown where is the origin of the CM signals. The time relationship between the latencies of the SM response 
in V5 (81 ms) and the CM response in V2/3 (125 ms) and VI (217 ms) suggests that the CM responses are conveyed from 
V5 to V2/3 and further to VI. The present study revealed that the 3D magnetometer-spatial tiller system is capable of 
mapping neural activities with spatial resolution id most comparable to any other functional brain imaging techniques, but 
with far greater temporal resolution. This method opens a new way to study the dynamics of human brain function. 
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Introduction 

The control center of lens accommodation in the human brain cortex is still not well known. In order to 
localize its center and reveal its dynamic characteristics non-invasively, a whole-head type 
magnetoencephalography (MEG) system was applied. A special relay lens system has been developed to 
deliver accommodative stimuli from a dynamic refractometer [1] located just outside of a magnetically 
shielded room. The accommodation and MEG responses were measured simultaneously. 

It was found that there were two large synchronized responses at about 0.1 and 0.2 s prior to the 
accommodation response rising at about 0.3 s. After conducting several control experiments, it was found 
that the second peak response had close relationship with accommodation control and that the control center 
were located at the vicinity of parieto-occipital sulcus. 

Methods 

As our MEG system has a software noise reduction property [2], which uses noise data sensed by 
reference coils to subtract them from the measured data, a measurement with opening the door of a magnetic 
shielded room was examined [3], The efficiency of the software noise reduction technique was confirmed by 
a phantom head experiment. 

We have made a special relay lens system (Fig. 1), which optically transfers the subject’s eye image to 
the outside of the magnetically shielded room in order to measure the accommodation. It consists of 4 
identical spherical lenses with 400 mm focal lengths, forming a focal lens system. Thereby it moves the eye 
by 3200 mm to form a real image just in front of the dynamic refractometer where the subject’s eye is placed 
in normal measurement. The accommodation measurement is done with the real image of the eye. 

A star burst target (Fig. 2) in the dynamic refractometer was moved back and forth to impose blur 
stimulus with a random time interval of 5±0.5 s. It was moved by a personal computer with maintaining 
the visual angle constant, while subjects gazed at the target holding their head still in a hole of MEG dewar. 
The dynamic changes of accommodation were measured by a servo-controlled optical system, using the 
retinal reflection of injected infrared beams. The resolution of the measurement is about 0.1 D (Diopter 
defined by a reciprocal of a focal point) and the speed of measurement is 6.4 Hz [4], 

Subjects were 5 right-handed volunteer with adequate accommodative power and no ocular problems 
other than myopia. The accommodative power (AP) of the each subject was measured with the dynamic 

refractometer by moving a target 
from a position located farther 
than the far point (the farthest 
point which the subject can 
focus) to another position nearer 
than the near point [1], A 
stepwise stimulus was set to be 
about 60 % of each subject’s AP 
to prevent excessive visual 


Fig.2 Maltese cross target for 
the accommodation. 
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Fig.3 Superimposed MEG and accommodation responses together with target change, which was 
abruptly moved from far (8 D) to near (5 D). There found two synchronized MEG responses 
at around 100 and 200 ms prior to accommodation response. 
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Fig.4 Superimposed MEG responses of HK when the target was not moved. 


fatigue. Subjects were instructed to try to watch the target as clearly as possible. 

The measurements were done on the right eye, occluding the left eye with an eye patch. The light in the 
magnetic shield room was turned off to dilate the pupil diameter. The experiments consisted of more than 
120 recordings; the collected data were averaged after discarding those contaminated by eye blinks. The 
sampling rate was set to 250 Hz. The recording time started Is before the onset of the stimulus and lasted 
2.5s. The evoked fields, the accommodation responses and the target positions were simultaneously recorded 
by a personal computer. The trigger signal for MEG measurement was made by a predetermined threshold of 
the target position. The MEG signals were removed offset using Is pre-recording and filtered with zero 
phase shift 0.5-40 Hz band-pass filter. Dipole location was searched by the Simplex method with a criterion 
to minimize normalized square error of measured and theoretical magnetic fields. 

Results 

The typical responses of the subject HK (HK, 36, male with 4D of AP) were only shown in this paper. 
The responses of the other subjects were similar with the presented data. The target was moved between 8 
and 5 D, because HK was 5 D myopic. 

Fig. 3 shows temporal relationship between the target movement, averaged accommodation, and 
superimposed MEG responses toward far to near target stimulus movement. The MEG responses exhibited 
well-synchronized brain activity around 100 (Ml) and 200 (M2) ms prior to the accommodation response 
which started to react at around 300 ms. Both peak activities of Ml and M2 showed the phase reversal. It is 
noteworthy that the brain activity were rather quiet at around 300 ms. By comparing with a noise like control 
response when the subject gazed at a standstill target at the farthest position (Pig. 4), it was supposed that Ml 
and M2 should have close correlate with accommodation control. 

Pig. 5 shows the iso-contour map of M2 (from 180 ms to 228 ms) that indicates high outflow of 
magnetic field from left temporal region and strong inflow of the magnetic field in the right temporal region. 
A spherical brain model was adopted and dipole estimation was performed. Firstly, one dipole fit was 
examined that resulted relatively low error of fit (8-12 %). However the dipole was located very deep to be 
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Fig. 5 Iso-contour map of all the 64 channels which 
show large outflow on the left occipital and 
lateral lobes and inflow at the right occipital 
and lateral lobes. 


about 60 mm from the brain surface and dipole moment 
became very large to be about 200 nAm. All the reliable 
dipoles we have found in various other experiments have 
been less than 100 nAm. There have been no papers that 
reported dipoles bigger than 100 nAm. Moreover from 
physiological consideration, such a big current is 
unnatural. Hence, one dipole fit was not accepted. 

Then two dipole fit was conducted that resulted 
parallel dipoles located near the parieto-occipital sulcus 
directing from posterior to anterior with much lower error 
of fit (5-8 %) and reasonable dipole strength of 46-60 
nAm. Fig, 6 shows dipole location of subject SI on the 
MRI picture viewed from two different directions in a 
three-dimensional representation. 

Discussion 

To confirm the above speculation, several other 
experiments were performed. Firstly, influence of high- 
pass filters were checked and confirmed to be negligible. 
Then, MEG was recorded when the subject watched a 
slowly moving target that is projected on a screen by a 
computer controlled liquid crystal projector in front of the 
subject. The recorded MEG showed Ml but not M2. 
Moreover, MEG was recorded while subjects voluntarily 
switched their eye direction suddenly toward horizontally 
separated two targets alternately (saccadic eye movement). 
Again, there found no similar MEG response like M2. 
Then another MEG response was recorded while the 
subjects neglected the accommodative stimulus. As small 
accommodative response was unconsciously evoked 
sometimes even though they tried to neglect it, such 
responses were omitted from the average. Markedly, M2 
response disappeared while Ml remained same (Fig. 7). 
Taking all these control responses into consideration, we 



Fig.6 Dipoles’ location of M2 found at the vicinity of parieto-occipital sulcus. 
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Fig. 7 Response of HK when he neglected the accommodative stimuli 
Though Ml remained, M2 disappeared. 
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Fig.8 Possible control center of visual responses of accommodation, 
vergence and pupil diameter which were found by electrical 
stimulation on monkey brains (from Jampel, 1960). 


judged that the M2 
correlated with 

accommodation control, 
probably judgment of 
direction or strength of 
accommodation. 

There are no previous 
reports on the 
accommodation related 
MEG measurement. On 
the other hand, there are 
a few studies concerning 
the location of the 
control center of the 
accommodation, 
employing implanted 
electrodes as method and 
animals as subjects) 5J. Fig 8 
depicts the various location where 
eye movement, pupil response and 
accommodation were observed by 
stimulating ape brain with an 
electrode. The location where 
accommodation was induced wea a 
little bit anterior to the location that 
was identified by the human subjects. 
However it was interpreted plausible 
because of the difference of the brain 
with the two species. Moreover 
former studies could not find basic 
relationship between cerebral 
activity and accommodation 
response nor could identified the 
control center of the accommodation. 
Because the accommodation must 
have close correlation with 
stereoscopic perception, the present 
study on accommodation should 
have tremendous importance in 
developing 3-D TVs in the future. 
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Introduction 

Humans perceive vivid motion of an object when it flashes in one place and another with proper timing and 
distance. We reported the presence of a localized cortical area (probably human homologue of MT/V5) sensitive to 
apparent motion stimuli by the use of a multi-channel biomagnetometer [1]. Moreover, we reported this magnetic 
response was related to the neural activities of the motion perception according to the fact that the responses changed 
with the spatial separation of the stimuli [2]. In this study, we measured the magnetic response to the stimuli in 
apparent motion with varied timing of the stimulus and compared with the subjective rating of the motion perception 
to investigate whether the response from this area is related to the motion perception. 

Methods 

Five healthy men aged 26-39 (mean: 31.6) years old were studied. For the visual stimulus to induce 
apparent motion, we used two bar-shaped red light emitting diodes (LEDs). Both LEDs (LI and L2) were placed at 
the left side of the fixation point, separated by 1 deg. visual angle each other. Each LED was turned on alternately for 
2 s with varied inter-stimulus interval (ISI) in the range between (-) 140 and (+)250ms. This stimulus induced two 
directions of the apparent motion. The onset of L2 following the offset of LI induced apparent motion toward the 
fixation point (Event 1), and the onset of LI following the offset of L2 did away from the fixation point (Event 2). 

A 37 channels-neuromagnetometer (Magnes, BTi) was used to record magnetoencephalograms (MEGs) 
from the right side of each subject's brain as previously described [1]. MEG responses beginning 200 ms before and 
ending 500 ms after the offset of the LED lightening were collected at a sampling rate of 2083.3 Hz with the 
frequency range between 1.0 and 80 Hz. In off-line averaging of both MEG and EOG data, MEG responses drifted 
more than +/-3pT and EOGs drifted more than +/-200 mV were discarded. In some data, EOG threshold for the off¬ 
line averaging was reduced to +/-40 4 V to check the effect of eye movements on MEG responses. 

Peak latencies and amplitudes of the magnetic responses were measured as the root mean square (RMS) 
values across the 37 channels of averaged MEG data. The single equivalent current dipole (ECD) model was used to 
estimate the location of the cortical activities. The criteria for the application of the model were the same as reported 
previously [ 1 ]. 

We also executed the psychophysical test using the same subjects. The experimental conditions were the 
same as that for MEG study. In this study, the subject was asked to speak aloud the number (from 0 to 5) according 
to his feeling of the smoothness of the apparent motion perceived as the previous study [3] . The number 5 indicates 
that the subject sees the perfect smooth motion. The number 3 indicates that motion is only partial but still quite 
marked. The number 0 indicates that what he sees bears no resemblance at all to motion. ISI was varied from (-) 140 
to (+)200 ms in a step of 20 ms. All experiments were done with one direction (Event 1). 

Chi square test was used for the statistical comparison between the distribution of peak amplitude of RMS 
data and the subjective rating for each ISI. Friedman test was used for the evaluation of the effect of the ISI on the 
peak latency of the first magnetic response. 
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Results 


The effect of eye movement on MEG waveforms was assessed with the simultaneous by recorded EOGs. 
Although the change of EOG was much smaller in EOG deflection was within +/-40 m V, MEG waveforms of both 
conditions were essentially the same. 

We found no differences in the pattern of waveforms and RMS between Event 1 and Event 2, in all 
experiments. Figure 1 shows the time course of averaged MEG waveforms and those of RMS recorded from the 
single subject (S10) started 200 ms before and ended 500 ms after the trigger onset for each ISI for Event 1. When 
ISI was between -20 ms and +80 ms, the magnetic evoked responses consisted of a single component with relatively 
high amplitude. In the other ISIs, the magnetic evoked responses consisted of more complicated components, but 
the first components were always larger and easily distinguished. The peak amplitude of RMS in these first 
magnetic evoked responses reached maximum around ISI=0 ms. However, the peak latency of the RMS from the 
trigger onset was constant when ISI ^ 0 ms. When ISI < 0 ms, the interval between the peak RMS and the first 
visual stimulus (onset of L2) was constant. 

We measured the peak amplitude and latency of the first component of the magnetic evoked responses 
systematically. The latency was measured as the interval between the first stimulus and the peak of RMS. When ISI 
< 0 ms, the first stimulus was the onset of L2 in Event 1, or the onset of IJ in Event 2. When ISI £ 0 ms, the first 
stimulus was the trigger onset (offset of LI or L2) in both events. The effect of ISI on the peak latencies was not 
significant for all subjects and events (Friedman test). 

Changes in the peak RMS of the first MEG component for each subject with varied ISI were measured. 
Although the peak value of RMS was variable for each subject, their peak reached maximum around ISI=0 ms. The 
subjective ratings of perceived motion for each subject were studied as a function of ISI change between -140 ms 
and +200 ms. For all subjects, the psychophysical mean ratings of motion consisted of mono-peak curve in which 
the maximum value was obtained when the first LED was turned off and the second appeared at the same time (i.e., 
ISI=0 ms). 
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Fig.l The time course of averaged waveforms of the magnetic 
fields. Closed triangle (a) indicates the offset of LI, and open 
triangle (a) does the onset of L2. The first component of the 
waveform with relatively high amplitude was constantly evoked 
in all ISI conditions. 
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To compare the relative distribution of the peak value of RMS with the psychophysical mean ratings of 
motion, both data were normalized by using each mean value and standard deviation (S.D.) and converted to the 
distribution with mean 10 and S.D. 1. Figure 2 shows the peak RMS and the psychophysical mean ratings of motion 
of one subject (S33) for each ISI. There was no significant difference between the distribution of RMS peak value 
and the subjective ratings (Chi-square test), and both of them had a good correlation each other (r=0.809). This 
tendency was found for all subjects. 

The mean and S.D. of the distance between the mean and each measured dipole location was calculated to 
obtain the 95% confidence radius of the dipole location for each ISIs. The subjects’ 95% confidence radii for 
estimated location of the dipole for SOI, S10, S33, S40 and S48 were 1.23, 2.03, 1.14, 1.71 and 1.58 cm in Event 1. 
The estimated location of the dipole were always in the same area for each subject for both Event 1 and Event 2. A 
example of dipole location (S33) is shown on the pseudo-three dimensional brain image of the subject constructed 
using MRI data in Figure 3. The 95% confidence area is presented by the black circle. The dipoles for all subjects 
were located in the localized areas of cortex, that is around the meeting point of the ascending limb of the inferior 
temporal sulcus and lateral occipital sulcus. 

Discussion 

Our visual stimulus to induce apparent motion evoked clear magnetic responses from all subjects in this 
study. The first component was always estimated to originate from the occipito-temporal area in each subject for all 
ISIs of the stimulus in the range we tested (from -140 ms to 250 ms). The area was in the vicinity of the meeting point 
of the ascending limb of the inferior temporal sulcus and lateral occipital sulcus, which has been proposed to be the 
location of human homologue of MT/V5 [4,5,6,7]. 



-100 0 100 200 
ISI(ms) 

Fig. 2 Relation between the peak RMS value of 
the first component of MEG and the subjective 
ratings with ISI's ranging from -140 ms to +200 
ms for one subject (S33). Both values were 
normalized using each mean value and standard 
deviation (S.D.). There was no significant 
difference between the distribution of RMS 
peak values and the subjective ratings of 
perceived motion (chi-square test) and they had 
a good correlation (r=0.809). 



Fig. 3 Dipole location for one subject in Event 1 
overlayed on the three dimensional brain image. The 
95% confidence area is shown by the black circle on 
the cortex. The dipole of one subject (S33) was 
located around the meeting point of the ascending 
limbs of the inferior temporal sulcus and the lateral 
occipital sulcus. This area corresponds to the human 
homologue of MT/V5. 
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RMS amplitude of the first response from this area varied with ISI and maximum reached around ISI=0 ms 
for all subjects. Most striking result in this study is that the amplitude was related to the subjective perception of 
motion (Fig. 2). Smoothness of the apparent motion rated by the same method as the previous psychophysical study 

[8] also had maximum at ISI=0 ms. When we compared both data with their normalized values, their distributions 
had clear correlation with each other. Physiological meaning of RMS amplitude of the magnetic response is not fully 
understood. But it may be related to the synchronized neural activity [9]. Because synchronization is now 
considered to be important for the brain function [10] RMS amplitude may also be related to the cortical functional 
activity. 

This consideration is consistent with the previous functional MRI study which showed the intensity of the 
magnetic resonance signal from this area (human homologue of MT/V5) was shown to be related to the subjective 
perception of motion after effect [11]. Furthermore, physiological studies using monkeys have shown that the 
electrical stimulation in this area can change the subjective perception of motion [12]. Thus, neural activity in this 
area seems to be closely related to the subjective awareness of the motion. Our study indicates that the neural 
activity in this area is also responsible for the perception of the apparent motion. 

In our previous study, we demonstrated that the response latency from this area varied with the spatial 
separation of the visual stimulus [2]. Although the apparent speed (spatial separation divided by ISI) was one of the 
candidate for the factor to effect the latency, the result of this study did not support this case because the latency did 
not change with ISIs in the range we tested. We consider that the speed is not the main factor for the speed of the 
brain process to analyze visual motion. 
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Introduction 

The requirement for elucidating basic mechanism of stereoscopic perception has been increasing along with 
increased use of stereoscopic displays in various fields such as industrial design and medical education. However, it is 
still not clear how the human brain exactly works to obtain stereoscopic perception. Binocular disparity is one of the 
important factors for stereoscopic perception and random dot stereograms (RDS) introduced by Julesz [1] are used for 
measurements of the human brain activity concerning binocular disparity [2], Although most of those measurements 
already conducted were based on EEG [3], we used MEG in order to advance the analysis of stereoscopic perception in 
the human brain. 


Methods 

Subjects were three volunteers with adequate accommodative power and no ocular problems other than myopia. 
The screen was located about 1.6 m away from the subject. Visual stimuli were projected on the screen by an LCD 
projector. A square plane perceived in RDS was used for the stereoscopic stimulus. It appeared in the center of the 
stereogram and lasted for 333 ms at each trial. The inter-stimulus-interval was randomized to be 1-2 s. Both static and 
dynamic RDS were used. In using static RDS, the displayed stereogram was changed only at the onset and the offset of 
the square plane. On the contrary, the displayed stereogram was constantly changed at 60 Hz in using dynamic RDS. 
The stereogram subtended an angle of 15°42' by 13°42' of arc and the square plane an angle of 5°2' by 5°2' of arc. 
Subjects were instructed to change their convergence so that they saw the stereo image of the square plane from the 
stereogram at the beginning of an experiment and to watch the stereograms with their convergence kept through all 
trials. A fixation point was set at the center of the stereograms. The evoked fields were recorded in the magnetically 
shielded room using a 64-channel, whole-cortex MEG system and EOG signals were simultaneously recorded. Those 
signals were sampled at 250 Hz. The MEG signals were band-pass filtered between 0.5-40 Hz and the DC offset was 
removed using a 0.2 s pre-recording. EOG signals were used for removing artifacts of eye blinks. The collected data 
were synchronously averaged after discarding those contaminated by eye blinks. 

There are two ways called ‘parallel viewing’ and ‘cross viewing’ to obtain the stereoscopic image from a 
stereogram. They are characterized by the intersection point of visual axes. In parallel viewing, visual axes intersect 
behind the screen. In cross viewing, visual axes intersect in front of the screen. Additionally, when the intersection point 
of visual axes is on the screen, we define the way of seeing stereograms as normal viewing. 


Results 

In experiments in the condition of static RDS and parallel viewing, several synchronized responses were 
observed at 140, 180, 310 msec after the square plane appeared (Fig 1). In experiments in the condition of static RDS 



Fig. 1 VEF in the condition of static RDS and 
parallel viewing. 


Fig. 2 VEF in the condition of static RDS and 
normal viewing. 
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and normal viewing, we found several synchronized responses at 130, 180, 320 msec after the square plane appeared 
(Fig. 2). Slight responses were recorded at 220 msec after the appearance of the square plane in experiments in the 
condition of dynamic RDS and cross viewing (Fig. 3). Those signals were found in the left lateral-occipital region (Fig. 
4, 5). No apparent responses were observed in experiments in the condition of dynamic RDS and normal viewing (Fig. 
6 ). 



Fig. 3 VEF in the condition of dynamic RDS and 
cross viewing. 


Fig. 4 VEF distribution in the condition of 
dynamic RDS and cross viewing. 
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Fig. 5 VEF in the left lateral-occipital region in Fig. 6 VEF in the condition of dynamic RDS and 

the condition of dynamic RDS and cross viewing. normal viewing. 


Discussion 

In experiments in the condition of static RDS, main responses in both parallel and normal viewing occurred at 
approximately same times. Therefore, those responses were primarily caused by the changes of the stereogram patterns, 
rather than the stereoscopic stimuli. In experiments in the condition of dynamic RDS, synchronized signals in the left 
lateral-occipital region were observed only in cross viewing. Two peaks manifested at 220 msec after the square plane 
appeared and 250 msec after the square plane disappeared in those signals. Hence, it is speculated that there are some 
relationships between those signals and stereoscopic perception. 
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Introduction 

MEG measurement tends to apply higher order functions in brain. There are several reports about the olfactory 
function and many locations were estimated for the source locations [1-5], for example, the area around the orbito- 
frontal sulcus of both hemispheres [1] and around the superior temporal sulci of both hemispheres [5]. In any case, the 
olfactory function probably has multiple activities. The methods for multi-source localization with high accuracy are 
required to identify the source locations. The cortical regions activated by odorant stimulation have not been identified 
precisely in humans. 

We developed a multi-source localization method with Genetic Algorithm (GA) [6], We have applied it to MEG evoked 
by odorant stimulation by Neuromag-122™ and have estimated the source of it in this work. 

It is difficult to obtain clear MEG evoked by odorant stimulation for habituation. In the case that analyzed data have low 
S/N, the estimated solutions include large error of estimation. It is important to consider the effect of noise on the error of 
estimation when MEG data include much noise. 

So we investigated the effect of noise on the error of estimation to specify more reliable regions of sources. 


Methods 

First, the positions of dipoles were determined by GA, and then at this positions, the moments of the dipoles were 
estimated by a least square method. With this positions and moments, we calculated the following function fit, and 
assessed the fitness of dipoles. 

fit = 1 - / ( 1 ) 



Bj m : the magnetic flux density measured by the ith coil 
Bj C : the magnetic flux density calculated at the ith coil. 


We repeated this process till the value of fit satisfied the condition of conclusion or the maximum number of 
generation reaches 2000. 

We can estimate dipoles only on the grid points by GA. In order to remove the effect of the grids, we adapted 
Simulated Annealing (SA) after estimation by GA. The initial values of the dipole positions were set at the positions of 
the solutions in the last step in GA. The positions were determined by SA, and then the moments of the dipoles were 
estimated by a least square method at this positions. We calculated the fit function shown in Eq. 1 and assessed the 
fitness of the dipoles. We repeated this process till the condition of conclusion was satisfied. 


Expression of each genotypeS , by__GA 

Each genotype S, shows the positions of dipoles. A dipole has a search space of 7 cmX 15 cmX 15 cm, and the 
position of a dipole is expressed by a row of numbers of 3+4+4= llbits. As we assumed two dipoles in this work, an 
individual was expressed by a row of numbers of 2X 1 l=22bits (Eq. 2). 
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No . 1 dipole position No .2 dipole position 


GA parameters 

GA parameters used in this estimation are shown in Table 
1. The selection method was tournament and elitist 
preserving, and the crossover method was uniform 
crossover. 

Search space 

We used a cubic space of 7 cm x 15 cm x 15 cm as a 
search space. We divided this space into two spaces, left and 
right spaces, and assumed that a single current dipole exists 
in each space. The number of initial grids was set at 7 x 15 
x 15=1575, and the grid points were at intervals of 1 cm. 

In this calculation, if fit was not changed within 500 
generations as shown in Fig. 1, we remade new grids at 
intervals of 1 mm around the individuals which present the 
best fit at the step. And the search spaces were reduced into 
1/1000 spaces. 

Search spaces in SA were renewed to be the cubic spaces 
with 4 cm sides, and the centers of the cubic spaces were at 
the positions of the last solutions in GA (Fig. 2). 


Table. 1 GA parameters 


Parameters 

Attribute 

Bit Length / 

22(11X2) 

Population Size N 

50 

Generation Gap G 

0.98 

Crossover Probability P c 

0.95 

Mutation Probability P m 

0.05 

Maximum Generation t max 

2000 




The variable showing temperature in SA is expressed by 
the following exponential function. We repeated 
calculations 1000 times in each temperature. 


(T ,\ N 'o,o, 

where T h T ini and T md are the temperature in the /th step, the 
initial temperature (=1.00000) and the end temperature 
(=0.00010), respectively. N u „ al was set at 200. 

The variables showing the dipole positions varied with an 
interval Al given by a following expression: 


A/ = a x xexpl 


b, 


-n 


(4) 



Search area in SA 


Fig. 2 Search area 
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where l max and l nnn are the maximum and minimum limit of the 
variable 1 d, is the minimum varying interval (=0.050) and n is 
the number of reducing temperature at the step. 


Source localization of olfactory MEG by GA 

We analyzed MEG evoked by the odorant stimulation that 
were measured with a whole cortex type Neuromag-122™ in 
Osaka Life Electronics Research Center. A volumteer, a male and 
normal olfaction, was given odorant gas (1% cone, amyl-acetate 
gas) from the outside of the magnetically shielded room through 
the tube. The measured MEG for the right nostril stimulation are 
shown in Fig. 3. 
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Fig. 3 MEG for the right nostril stimulation 
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The MEG data included such much magnetic field noise that the evoked signals were not clear. So we carried out the 
following signal processing of filtering of a digital band pass of 0.5~40Hz and fourth order moving average. And then, 
in order to extract the signals, we set all values of MEG data in a certain time to 0[fT/cm] every 2.5[ms] one after 
another. We found the first peak ( I ) when we set all values of MEG data to 0[fT/cm] at 225[ms](Fig. 4), and found the 
second peak (II) when we did the same work at 300[ms]. 

We analyzed MEG data around these two peaks, 237^275[ms] and 328^380[ms]. 



(a) l~61ch time t(ms] (b)62~122ch time t[ms] 

Fig. 4 MEG after signal processing (right nostril stimulation, 225ms baseline correction) 


Results 

The estimated source areas of MEG for the right nostril stimulation are shown on the MRI of the volunteer in Fig. 5 
and Fig. 6. The estimated areas of the first peak ( I ) was near those of the second peak (II) . The estimated areas in the 
contralateral hemisphere were around the precentral gyrus and those in the ipsilateral hemisphere were around insula 
cortex. The latter one agrees with the position reported by Kettenmann [1] and Yamaguchi [4]. 


Right v 



(a) Horizontal (b) Coronal 

Fig. 5 Estimated area in the peak of I 
(right nostril stimulation) 




(a) Horizontal (b) Coronal 

Fig. 6 Estimated area in the peak of II 
(right nostril stimulation) 


Investigation of the effect of S/N on the error of the estimation 

In olfactory MEG measurement, it is difficult to obtain clear data. The noise on the data has much effect on the 
estimation accuracy. We investigated the effect of the noise by simulation. 

The white noise which levels were 0, 1, 3, 5, 7, 10 and 15% of the amplitude of the maximum signals was added on 
MEG data. We made 50 patterns of noise each noise level. We analyzed all of them and investigated the effect of noise 
on the error of estimation. The histograms about estimated position errors along x, y, z axis are shown in Fig. 7. 
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Estimation error along the x axis [cm] Estimation error along the y axis [cm] Estimation error along the z axis [cm] 
Fig. 7 Histogram for estimation error 


The all distributions along x, y, z axis are similar to Gauss Distribution. In case that the data has such much noise, the 
estimated solutions for MEG data at a certain time are unreliable. If the estimated solutions for the several data gather in 
some extent, we can think that the true source exists within the area in which the solutions gather. If the estimated 
solutions for several data disperse widely, there is a possibility that there are other solutions. 

In this work, we analyzed in some points of time around peaks and expressed the area in which the solutions gather as 
more reliable area with a circle area O. 

Summary 

We estimated the sources of MEG evoked by odorant stimulation. First, we estimated them by GA. In order to remove 
the effect of grids, we adapted SA after estimation by GA. One of the sources in the ipsilateral (right) hemisphere was 
estimated around insula cortex and another in the contralateral (left) hemisphere was estimated around precentral gyrus. 

It is difficult to obtain clear MEG evoked by odorant stimulation for habituation. We investigated the effect of noise on 
the error of estimation. The distributions of the position errors are similar to Gauss Distribution. In the case that the data 
include much noise, the estimated solutions for one data have inadequate reliability. If the solutions for several data 
distribute in some extent, the true source probably exists within the area of the distribution. When the data have low S/N, 
it is better to analyze several data and to represent the area of source distribution as the estimated solutions. 
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Abstract 

Magnetic response in the primary gustatory area (area G) to different concentrations and qualities of 
taste were investigated by recording the magnetic fields evoked by gustatory stimulation with 100 mM, 300 mM 
and 1 M NaCI , and 3 mM Na-saccharin (or 3 mM saccharin). A small hole opened in the Teflon tube of the 
stimulator was placed on the tip of subject’s tongue and 40 trials of stimulation were applied. The 64-channel 
whole-head SQUID system was used to measure the gustatory-evoked magnetic fields (GEMs). With increased 
concentrations of NaCI, the GEMs had a tendency to become bigger, but the onset latency did not change. 
Saccharin (or Na-saccharin) of 3 mM yielded a longer onset latency of GEMs than an NaCI solution of subjective 
equi-intensity. The findings indicate that the neural signal of the sweet taste caused by Na-saccharin (or saccharin) 
took a longer time than that of the saltiness by NaCI to arrive at area G by traveling along the sensory pathway 
from the receptor. 

Introduction 

The location of area G in the human cerebral cortex has been argued for many decades since Penfield 
and Boldrey [1]. We have located areaG at the transition between the inner face of the operculum and the insula 
in the human cerebral cortex, as reported in macaque monkeys [2], by using magnetoencephalography (MEG) and 
a taste stimulator with rapid-rise time [3, 4]. In the present study, we examined the responses of area G to 
different taste qualities and different concentrations of taste solution to investigate whether or not the onset 
latency of the gustatory-evoked magnetic fields (GEMs) are dependent upon taste quality. 

Methods 

Taste solutions of 100 mM, 300 mM and 1M NaCI and 3 mM Na-saccharin (or 3 mM saccharin) were 
used as stimuli. The duration of each stimulus were 400 ms in one trial and the inter-stimulus interval was about 
30 s. The temperature of the taste solution and deionized water was maintained at the same as that of the tongue. 
Five neurologically normal adults (three males and two females), aged 22-35, participated in the experiment. The 
64-channel whole-head SQUID system (CTF Systems Inc., Canada) was used to measure the GEMs. The 
sampling rate was 250 Hz and the low-pass filter was 40 Hz. In each subject, GEMs to a given taste stimulus 
were measured separately by applying 40 trials of stimulation. The trials contaminated with eye movements were 
rejected and the remaining trials were averaged. Averaged GEMs were superimposed on the same sheet with all 
64 channels to find the area G onset latency from the stimulus onset. We confirmed, in most sessions, that the 
GEMs under study were yielded in area G, by mapping evoked magnetic fields at the peaks of superimposed 
averaged GEMs and by localizing of equivalent current dipoles on subject’s anatomical MRI. After each trial 
of the measurements, subjects were asked to show the perceived intensity by using their fingers. 
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Results and Discussion 

With increased concentrations of NaCl, the magnetic response in area G became bigger (F=6.95, n=4, 
p<0.05), but the onset latency did not change. One NaCl solution of subjectively cqui-intensity to sweetness of 
3 mM Na-saccharin (or 3 mM saccharin) was individually selected and the GEMs were compared with those of 
3 mM Na-saccharin (or 3 mM saccharin). GEMs to Na-saccharin (or saccharin), perceived sweet, showed an 
onset latency (240 ms) significantly longer than those to NaCl ofequi-intensity but perceived salty (118 ms, n 
= 6, p< 0.01; Student-/ test). One subject yielded both data for Na-saccharin and saccharin. 

The results indicate that the onset latency of the GEMs to NaCl was independent of concentration used 
in the present experiment. The reason might be that the range of concentration used was too high to affect the 
onset latency. It is also indicated that the neural signals of sweet taste by Na-saccharin (or saccharin) took a longer 
time to arrive at area G than those of salty taste by NaCl. Since it is not conceivable that both neural signals 
by Na-saccharin (or saccharin) and NaCl take different pathways from the receptor to area G, the cause of difference 
in the onset latency may exist at transduction processes at receptors including diffusion of stimulant molecules 
to the receptors. It is known that sweet stimulants open cationic channels by activating membrane-bound G 
protein which may take several milliseconds in transduction time compared with NaCl directly activate cationic 
channels [5]. Halpem reported that gustatory events must have sufficient duration less than I second to obtain 
human reaction time and that taste receptor events of approximately 50 ms are sufficient for taste detection and 
identification [6]. The present results proposed an additional psychophysiological constraint of human taste 
event; that the neural signals of sweet taste take a longer time than that of salty taste to arrive at area G by 
traveling along the sensory pathway from receptor. We are now extending this study to the other taste qualities 
such as bitter, sour and umami tastes. 
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Introduction 

The specific neuroanatomical areas responsible for olfactory perception in humans are still not clear, in contrast 
to other sense modalities such as the visual and somatosensory systems. Several animal studies examining olfactory 
perception have been reported, but they are not clearly applicable to the mechanisms of olfactory perception in humans. 
To search for the brain areas involved in olfactory perception, we designed a new device that provides suitable 
olfactory stimulation. In this study, we used magnetoencephalography (MEG) to examine the cerebral areas that arc 
related to olfactory perception in humans. 

Subjects and Methods 

Subjects 

Fifteen normal subjects (4 females and 11 males; mean age 32 years, range from 24 to 42 years) were studied. 
Informed consent was obtained prior to the study. All subjects had a normal sense of smell. 

Procedure 

A special olfactory stimulator [1] was used to record olfactory evoked magnetic fields (OEFs). A thermistor 
respiratory pickup was attached to a Teflon tube inserted into the subject’s right nostril. Temperature changes 
associated with respiration were transformed into electrical signals. When the signals shifted from the expiration 
phase to the inspiration phase, trigger pulses of stimuli were generated to randomly provide pulse of either the odorant 
or the odorless air. 

Following the results of our previous experiment [2, 3], we selected the most suitable conditions in which the 
subjects adequately recognized the odorant with no pain. A tube measuring about I mm in inner diameter was 
inserted about I cm into the left nostril and the odorant or the odorless air was administered through the tube. Stimuli 
were 100 ms in duration, 0.26 MPa in pressure and presented at random interstimulus intervals of 7 sec or more. The 
odorant air stimulation occurred in 50% of the trials in a random series. After each odorant stimulation, the nostril 
was washed out by the odorless air, 250 ms in duration and 0.26 MPa in pressure. Sounds caused by the stimulator 
and stimulating gas were masked by a 70-dB white noise presented through a speaker in the recording room. 
Phenethyl alcohol was employed as odorants. These compounds were selected because of flower-like smell (phenethyl 
alcohol) without pungency or toxicity. 

MEG recording 

The recordings were made in a sound- and magnetically-shielded room. The subject was lying or sitting on a 
bed depending on the recording area of the scalp, with eyes open, during the recording. Fifty trials were averaged for 
each odorant and odorless air stimulation in one session, and two sessions were completed by each subject. The 
waveforms produced by the odorless air stimuli were subtracted from the waveforms produced by the odorant stimuli 
to obtain the “subtraction” waveform, which was considered to show the OEFs attributed only to stimulation of the 
olfactory nerve. Therefore, mainly “subtraction” waveforms were analyzed in this study. OEFs were measured with a 
dual 37-channel biomagnetometer (Magnes, Biomagnetic Technologies Inc., San Diego, CA). The measurement 
matrix was centered at three different positions, around the C3, C4 and Fz of the International 10-20 System, which 
covered the left and right hemisphere and the fronto-central area, respectively. The C3 and C4 positions were 
recorded simultaneously by dual magnetometers. Responses were digitized at a sampling rate of 297.6 Hz and 
filtered with a 0.1-30 Hz bandpass filter. The analysis time was 200 ms before and 1000 ms after the stimuli, and the 
direct-current (DC) offset was done by using the pre-stimulus period as the baseline. 

Spatiotemporal data analysis 

The first is the single ECD method based on a spherical model [4]. The origin of the head-based coordinate 
system was the midpoint between preauricular points. Correlations between theoretical field generated by the model 
and observed field was calculated. To adopt a strict criterion for dipole fitting, only estimates with a “correlation” 
above 0.95 were analyzed. 
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We also used brain electric source analysis (BESA).version 2.1 software package (NeuroScan, Inc . McLean, 
VA) for dipole source modeling [5|. This method allows spatiotcmporal modeling of multiple simultaneous sources 
over defined intervals. The location and orientation of the dipoles were calculated by an iterative least-squares lit. 
The residual variance (%RV) indicated the percentage of data that could not be explained by the model. The 
goodness of fit (GOF) was expressed in percentage as (I00-%RV). 

MR! overlay 

Magnetic resonance imaging (MRI) was obtained using Shimadzu 1.5 T system. Tl-weightcd coronal, axial 
and sagittal images with a contiguous 1.5 mm slice thickness were used for overlays with ECD sources detected by 
MEG. 

Results 

Single ECD model 

When the measurement matrix was centered at the Fz position, no consistent response was recorded in any 

subject. 

When the magnetometers were placed around the C3 and C4 position, the initial component, termed IM, was 
identified in 12 subjects, and the second one, termed 2M, was identified in 10 subjects in bilateral hemispheres. 
However, since the value of the correlation of the 1M and that of the 2M was smaller than 0.95 in 5 and 5 subjects, 
respectively, we analyzed the IM in 7 and 2M in 5 subjects, respectively. The mean peak latency of the IM was 295± 
46 ms ranging from 220 to 380 ms, and that of the 2M was 598±50 msec ranging from 500 to 650 msec. Both IM 
and 2M were found in response only to the odorant air stimulation. Therefore, they were more clearly identified in the 
subtraction waveform (Fig. I). In the subtraction waveform, they showed clear polarity-reversal (Fig. 2). 

The ECDs of the IM component were identified in the inferior parietal lobe around the superior bank of the 
Sylvian fissure symmetrically in the bilateral hemispheres in 5 subjects, and in the superior temporal gyrus 
symmetrically in the bilateral hemispheres in 2 other subjects. The ECDs of the 2M component in 5 subjects were also 
located around the superior bank oflhc Sylvian fissure, but at slightly deeper regions compared with those of the IM. 

Multiple source analysis 

In the single dipole analysis, the ECDs dispersed around the Sylvian fissure between inter-individuals. The 
reason why the dispersed ECDs were estimated is thought that the multiple regions were activated with temporal 
overlapping. Therefore, we used BESA to separate overlapping multiple areas. We analyzed results in five subjects 
who showed the clear IM component and high correlation value in single dipole model. We obtained the highest 
GOF value in six sources model for the IM (Fig. 3). Fig. 4 shows the temporal waveforms and the localization of six 
sources. The locations of the six sources were around the SI, SII and the anterior medial temporal area (around the 
amygdala nuclei or hippocampal formation) in bilateral the hemispheres. We also attempted to fit a spatio-temporal 
dipole model for 2M, but we could not obtain desirable GOF. 

Discussion 

In this study, since the first and second components of OEFs, IM and 2M, were clearly recorded in response to 
the odorant air stimulation using phenethyl alcohol, but not in response to odorless air, these two components are 
probably related to odorant perception. Using spatio-temporal source analysis, odor-induced activities were 
estimated around the SI, SII and the anterior medial temporal area (around the amygdala nuclei or hippocampal 
formation) in the bilateral hemispheres. Only a few studies have been reported concerning the neuroanatomical 
regions responsible for olfactory perception in humans [6-8], and the neocortical projection area for the olfactory 
perception is unknown. It is thus difficult to determine the reasons why regions SI and SII were activated by 
olfactory stimulation in this study. The mechanism of olfactory perception is considered to be very complicated, and 
various areas in addition to the regions around the Sylvian fissure may be responsible for it. For example, the 
trigeminal area of the SI or SII may be responsible for olfactory perception. 

In animal studies, anterograde tract tracing studies have revealed that the amygdala receives projections from 
the olfactory bulb and the piriform lobe that is considered to be the primary olfactory cortex [9, 10]. Visual, auditory 
and somatosensory information is transmitted to the amygdala and flow toward higher order association areas. 
Amygdala may play a significant role in organization of multimodal sensory information, such as producing 
appropriate emotional and behavioral responses to biologically relevant sensory stimuli. Our data that estimated 
activity around amygdala are in agreement with animal studies, although whether activities in amygdala can be 
recorded by MEG or not is uncertain. 

A PET study in human revealed the activation in the orbitofrontal and amygdala following olfactory 
stimulation [11]. Using MEG, Kettenmann et al.[7, 8] reported that anterior-central parts of insula and the superior 
temporal sulcus. These data are partially consistent with our data. 
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Fig. I. 

OEFs after olfactory stimulation of the left nostril with 
phencthyl alcohol and odorless air, and the subtraction 
waveform at the C3 position in subject I. Thirty- 
seven waveforms are superimposed to illustrate the 
nomenclature for each identifiable component. Two 





upper 



Fig. 2 : Left: Subtraction waveforms recorded at 37 
channels of the first magnetic response (IM) evoked 
by olfactory stimulation in subject I. Upward and 
downward deflections indicate the outgoing and 
ingoing flux, respectively. The peak of IM indicated 
•2 by the vertical bar showed clear polarity-reversal. The 
| analysis window was 75-560 msec. 

Right : Isocontour map of the IM at the period 
indicated by the vertical bar in the left figure. Thin 
lines and dotted lines indicate the outgoing and 
ingoing flux, respectively, and the thick line indicates 
the zero point. The contour step was 10 IT. The dipole 
shown by the arrow mainly oriented to the upper 
direction. 


C3 position C4 position 



Fig. 3 : Several sequential ECDs which were estimated just before and after the peak of the IM are 
superimposed to show their consistent location and orientation. They were located along the superior bank of 
the Sylvian fissure and in the superior temporal lobe, respectively. Although they were identified in bilateral 
hemispheres, the figure shows only one side because the MRI slice including ECDs in each hemisphere was 
slightly different. 









Subject 1 

GOF=91 % 

(213-422 msec) 


Fig. 4 : Left : Temporal activation pattern of each source 
obtained by spatio-temporal source analysis in subject 1. 
The horizontal bar indicates the time axis (extending from 0 
to 1000 msec). Right : The locations of the dipole sources 
overlapping axial, coronal and sagittal MRI views in the 
same subject. Since this figure shows six dipoles on one 
slice of their MR images, the indicated locations are not 
always exactly one. The line and its length from each point 
indicate the direction and magnitude of the dipole current, 
respectively. The six sources model showed the locations 
around the SI, SII and the anterior medial temporal area in 
the bilateral hemispheres, and returned the highest GOF 
value (91 %). 
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In another animal study, an olfactory projection to the latcroposterior portion of the orhitofrontal cortex from 
olfactory bulb was revealed. In this study, no consistent short-latency magnetic fields could be identified from the 
regions corresponding to olfactory bulb nor latcroposterior portion of the orhitofrontal cortex. Our findings arc not 
always consistent with animal findings. This is probably due to their anatomical locations, because MEG is not 
suitable for recording responses generated in such deep areas [12, 13]. However, MEG has several theoretical 
advantages of localizing brain dipoles, because there are less effects of skull and cerebrospinal fluid as compared with 
electroencephalography [14-18], and gives us information by non-invasive procedure. Further investigation is 
necessary to clarify the physiological mechanisms of the human olfaction. 

Acknowledgments: This study was supported by the Integrative Studies on Physiological Functions (07NP010I) and 
Grant-in-Aid for Scientific Research (07458216) from the Ministry of Education, Science and Culture of Japan. 
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A multi-modality approach to the dynamics of auditory 
language comprehension in the human brain 
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Introduction 

Progress in our understanding of the neural counterparts of cognitive entities not only depends on 
refined functional anatomy but also on precise recording of the time-course of neural activities throughout 
the neural ensembles that are recruited during any cognitive function. As an illustration of such a multi¬ 
modality approach to a tentative neurophysiology of cognition, studies of phonological and lexical 
semantic processes involved in single-word language comprehension tasks are presented. The results were 
obtained via two different techniques, Positron Emission Tomography (PET) providing anatomical 
localisations of across-task changes in neural activities 111 and multi-channel mapping of EEG event- 
related potentials (ERPs) showing the temporal dynamics of language-related neural activities in each task 
and its distribution over different locations on the scalp |2|. 


Rationale 

Monitoring auditory tasks were chosen so that subjects kept deeply engaged in the tasks that they 
were given. They consisted in an auditory, non-verbal task using pure tones and two verbal tasks in 
which emphasis was put on either phonological or lexical semantic processes, respectively. In the 
phonological task ('Phoneme' task), subjects were presented multi-syllable pseudo-words and were asked 
to press a designated button whenever they detect the presence of the phoneme /b/ if and only if preceded 
by the phoneme /d/ in a previous syllable, such as in /redozabu/. Distractors involved either /d/ but not 
/b/ («dx» type) or /b/ but not /d/ before («xb» type) and the rest were fillers with neither /d/ nor lb/ («xx» 
type). The structure of the lexical semantic task ('Word' task) paralleled that of the phonological task but 
involved adjective-noun paris. Subjects had to click on the «target» button when hearing names of small 
animals if and only if preceded by positively denotating adjectives (e.g. «kind mouse»). Three types of 
distractors were presented, positive-big, negative-small, and negative-big. Whilst having in common 
several features (two-fold and sequential criterion for target identification, working memory and atlentional 
resource requirements), these two language tasks were designed in order to tease apart as much as possible 
two different modes of language stimuli processing. The phonological task might be viewed as a 
phonological awareness task. It was thought to lead subjects to use a parsing strategy in which the 
phonemic and syllabic structure of the stimuli would be worked out in detail. On the contrary, the lexical 
semantic task was meant to require only superficial and automatic access to phonological representations 
upon lexical identification of words. Atlentional resources were supposed to be mainly devoted analysing 
the meaning of the heard words. The choice of these tasks was also guided by neuro-anatomical 
considerations. From lesion-based studies, it has been suggested |3| that aphasic patients presenting with 
predominantly phonemic disorders suffered from lesions located close to the left sylvian fissure whereas 
patients showing mostly lexical semantic symptoms tend to present lesions located in the inferior part of 
the left temporal or left parietal lobes. Using functional imaging, we addressed whether such a different 
topography might also be observed in normal subjects whilst performing language tasks in which either 
phonological or lexical semantic processes would predominate. 


The PET study 

Across-task comparisons showed that different patterns of rCBF increase were generated by each 
of the two language tasks, respectively. The phonological task yielded activations localised in the 
vicinity of the left peri-sylvian areas. The lexical semantic task activated a more widespread pattern 
involving the middle and inferior temporal, and the inferior parietal (angular gyrus) regions together with 
localisations that were not predicted by the lesion-based model, namely the left superior prefrontal, the 
posterior cingulate, and the right inferior parietal regions. Of particular interest for the significance of our 
results is their high degree of convergence with other studies of phonological working memory |4|. A 
small left-sided peri-sylvian network involving Wernicke's area, the supra-marginal gyrus, and Broca's area 
was identified as the neural counterparts of the «articulatory loop». In this framework, short-term 
maintenance of phonemes or syllables is probably crucial to achieve this task and this might correspond 
to quite a precise localisation in the left supra-marginal gyrus. On the ground of a correlational analysis 


©1999, Tohoku University Press 
Recent Advances in Biomagnetism 
T. Yoshimoto et al. (Eds) 



of rCBFchanges in the lexical semantic task, we proposed, by analogy with our viewpoints on 
phonological tasks, that the activation of the left angular gyrus we found in the task might, at least in 
part, represent a similar short-term memory storage process related to lexical items. This would represent 
an equivalent of the phonological storage taking place in the left supra marginal gyrus. 


The ERP study 

Using the same tasks, this part of our work was meant to explore the respective neural correlates 
of different types of stimuli within each task in terms of temporal dynamics and distribution over the 
scalp. Because of their similarities in structure, the two language tasks may be achieved using the same, 
rather obvious, strategy. This strategy consists to attend only for the stimuli involving the conditioning 
item (i.e. the phoneme /d/ or a positive adjectives) as potential target-bearing stimuli, that is involving 
either the phoneme /b/ or a name of small animal in its final part. We therefore labelled «old» these 
stimuli («dx» and «db» types, or «positive-big» and «positive-small» types) since, upon detection of the 
conditioning item, they require further maintenance of the heard sequence that will be loaded into the 
working memory system. On the contrary, the «xb» and «xx» pseudo-word or both the «negative» word 
stimuli may be both designated as «release» stimuli since the absence of the conditioning item would 
preclude these stimuli to meet the target criteria. Consequently, their identification as «non-target» 
stimuli does not require further processing and their analysis may be ceased. The ERP study was effected 
in 12 volunteers on a 32-electrode Neuroscan© system. Error rates and reaction times were similar to 
those observed in the PET study. The analysis of the grand-average of ERPs in the two language tasks 
led to identify in both cases typical auditory late components NI-P2, as well as further specific events 
that we characterized as split points since they consisted of divergence between ERPs respectively elicited 
by «hold» and «relcase» stimuli, in each task. «Hold» stimuli elicited a shift towards negative potentials 
whereas «release» stimuli tend to elicit in turn positive shifts. This divergence seems to correspond to an 
ERP correlate of the decision taken by the subjects depending on whether or not a given stimulus should 
be further processed and maintained into the working memory system as potential target, i.e. whether a 
conditioning item (phoneme /d/ or positive adjective) was detected or not. Although this pattern of 
divergence was clearly observed in both tasks, this phenomenon differed from one language task to 
another in two ways. First, the split points differed in latency. Second, the distribution over the scalp of 
the release-hold differences were completely different. The mean duration of the first 2 syllables of the 
pseudo-words was shorter (512 ms) than that of the adjective (684 ms). Despite of this, the typical 
latency of the split recorded over fronto-central electrodes in the phonological task (782 ms) occurred well 
after the end of the trace of these first 2 syllables upon which subjects were to take their decision. On the 
contrary, the lexical semantic split was observed on fronto-central electrodes at 654 ms, that is 30 ms 
before the mean end of the acoustic traces of adjectives. This cross-over temporal pattern suggests that, in 
accordance with our theoretical views, the phonological task was performed in a sequential, step-by-step, 
parsing mode. This sequential processing is much slower than the probabilistic, non-exhaustive way of 
processing lexically valid items in the semantic task |5| so that semantic features of the heard words can 
be accessed quickly, ensuring faster processing in this task. After the split points between «hold» and 
«release» stimuli, sustained divergence between ERPs were observed in both tasks for more than 200 ms. 
In the phonological task, the divergence first appeared and kept predominant over left-sided central 
electrodes, the maximum difference being centered on the T7 electrode. This is congruent with the left¬ 
sided peri-sylvian foci of activation in our PET study. In the lexical semantic task, the divergence first 
occurred on the posterior 01 electrode and quickly spread towards the homologous 02 electrode with 
further spreading to the entire set of posterior electrodes in both hemispheres. This bilateral and posterior 
distribution of ERP differences is compatible with the presence of activation foci in the left and right 
angular gyri in our PET study, although it does not account for the remaining aspects of the complex 
pattern observed in the left hemisphere. 

In sum, the split phenomenon is likely to relate, on the one hand, to common attentional and problem- 
solving mechanisms based on maintenance of potential targets in working memory and release of 
attention for irrelevant distractors. language-specific modulations of this basic phenomenon arc induced 
by the lexical status of the processed stimuli. Pseudo-words yield a slow, sequential process probably 
operated in the left hemisphere, via a peri-sylvian «articulatory loop». This mode of language processing 
is related to phonological awareness strategies that normal subjects may resort to when learning new 
words. Real words processing correspond to a faster, automatized, and probabilistic mode of processing, 
relating to long-lasting exposure to lexical items that permits quick access to semantic representations. 
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Introduction 

A main purpose, if not the ultimate one, of all functional imaging is the procurement of credible maps of 
brain activation patterns corresponding to each of the several behavioral functions, including language. The 
availability of such maps would certainly enhance our understanding of the neurophysiological mechanisms of these 
functions and, at the same time, would be of great practical importance in neurosurgical planning. But, in order to 
be of practical and theoretical value, functional maps, whether derived through Magnetoencephalography (MEG), 
PET, fMRI or any other method, must fulfil the following basic requirements: (1) The maps must be of individual 
brains. Average maps of average brains, though informative in general ways, are of much less theoretical value 
than individual ones in that they obscure normal variability and, needless to say, they are practically useless for 
planning brain surgery of individual patients. (2) The maps must be reliable. They must remain invariant, for a 
given individual, from the one recording session to the next, provided of course that the individual is not in the 
process of recovery from brain injuries or experiencing a progressive pathological change, in the meantime. (3) The 
maps must not be stimulus-specific or testing-procedure-specific but function-specific. That is to say, the map 
corresponding to a function must not change when different stimuli or testing procedures are used to evoke it. (4) 
The maps of different functions should be appreciably distinct from each other. Otherwise, it wouldn't be feasible to 
relate them to particular functions. (5) If they are to advance our understanding of the cerebral mechanisms of 
behavioral and cognitive functions, the maps ought to be spatio-temporal and not merely spatial outlines of 
activated structures. (6) Most definitely, the maps must be valid: They must agree with expectations based on prior 
knowledge of the brain mechanism for the particular function. They must also agree with the outcome of methods 
that have proven to be trustworthy in assessing functional cerebral organization, like the Wada procedure and 
intraoperative brain mapping. In addition, to be practically useful, the maps must be derived efficiently, quickly, 
using standardized procedures that can be implemented and replicated readily. Maps constructed on the basis of 
educated guesses of individual investigators, involving ad hoc selection of statistical procedures or ad hoc setting of 
thresholds of acceptable signals and the like, useful or even necessary as they might be for exploratory research may 
not be relied upon to guide brain surgery. 

It is the purpose of this presentation to outline evidence to the effect that MEG-derived brain activation maps 
that correspond to the function of language, meet all the above listed requirements. This evidence is embodied in the 
results of six experiments, involving normal subjects and the results of two on-going clinical studies involving 
neurosurgical patients. 

Methods 

With the exception of variations in the particular activation tasks, the methods used in all studies to be 
described below, are essentially identical. They are designed for deriving maps of single individuals in an efficient 
and standardized way. All MEG recordings were made with a 148 channel neuromagnetometer (BTi, WH 2500). 
The entire recording session corresponding to any of the task conditions to be described later, does not exceed 10 
minutes. Thus, repeated measurements for the purpose of establishing the reliability of the results are feasible. 
During the recording sessions the subject or patient was exposed to a series of stimuli (whether verbal or non¬ 
verbal) delivered in the visual or the auditory modality. The task of the subjects and patients in all the studies 
described here was to attend to each stimulus in the series and indicate, by slightly moving their index finger, if the 
stimulus (a word, a tone or a picture of a face, depending on the particular experiment) had been presented before 
within the same series. Stimuli in a series were presented one every 3-4 seconds. Their duration varied depending 
on the type and modality of each (aurally presented words and tones had an average duration of 460 ms while 
visually presented words and faces were shown for 1000 ms). In all cases exposure duration was more than 
sufficient for the stimuli to be easily perceived even by patients with cognitive deficits. Visual presentation of 
stimuli was accomplished by a projection system situated outside the shielded chamber which projected the images, 
through a small aperture, onto a mirror (situated inside the chamber) which, in turn, projected the images on the 
chamber's ceiling, in the subject's (or patient's) direct line of vision, at a distance of 1.5 meters. The stimuli 
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subtended a sufficiently small horizontal and vertical visual angle such that to view the entire stimulus, no scanning 
eye movements were necessary. Auditory presentation of the stimuli was controlled by a Macintosh Powerbook, 
situated outside the chamber, and delivered through plastic tubes terminating in ear-inserts. Each individual 
stimulus in a particular series (whether visual, auditory, verbal or non-verbal) produced an Evoked Field (EF). 
Those EFs that were evoked by target stimuli (i.e. stimuli identified as having occurred previously during the 
session) were averaged together after the end of the recording session, the resulting average EFs, in all cases, 
consisted of early (30-150 ms post-stimulus) and late (150-700 ms post-stimulus) components. 

To identify the intracranial origin of both, the magnetic field distribution recorded during the evolution of 
each component was analyzed at successive points (4 ms apart) using the single-dipole-in-a-sphere model. Dipolar 
sources were deemed acceptable if they resulted in distributions that correlated with the actual distributions highly 
(> .93). Acceptable sources were then projected onto the appropriate MRI slices of each individual subject or 
patient. In all cases, the sources of the early components were located in the auditory and visual cortex, as expected. 
The degree of function-specific activation of a particular brain area (or the total duration of its activation), which 
was of exclusive concern in these studies, was estimated by the total number of successive dipoles localized in it, 
that accounted for the late EF components. 


Results and Discussion 


The first two experiments were conducted for the following reasons: (1) to demonstrate that valid maps can 
be obtained using the methods described above. Namely that during receptive language tasks most right-handed 
individuals should display much greater degree of activation of the left posterior temporal-parietal region than the 
right. (2) That such maps are unique to the linguistic task, by showing that comparable non-linguistic tasks result in 
quite different, bilaterally symmetrical maps. The first experiment (unpublished) involved fifteen dextral normal 
volunteers exposed to a series of aurally presented words (language condition) and a series of tones of comparable 
loudness and duration (auditory control condition). In both conditions the subject's tasks were to identify target 
words (or tones) that had occurred before during the condition. The results of this experiment are summarized in 
Fig. 1. This experiment verified that brain activation maps based on number of sources of the late EF components 
to words do conform to expectation based on prior knowledge of functional organization in that they reveal, in the 
majority of the subjects, more than twice as much activation of Wernicke's area over its homotopic one in the right 
hemisphere. Moreover, the experiment showed that the maps are unique to language since the comparable tone¬ 
processing task resulted in a distinctly different map featuring bilaterally symmetrical perisylvian activation. 



Fig. 1: Language specific (left) and tone- Fig. 2: Language-specific (left) and face- 

specific (right) maps of one subject recognition specific maps of one subject 

constructed by projecting all acceptable (right). 

sources of the late EF components found 

in each hemisphere over an 1 cm-wide 

region on the same transverse images. 

To the same conclusion lead the results of the second experiment [1] involving eleven subjects who either 
had to process the same words, but now presented visually (language task) or a series of pictures of faces (non- 
linguistic control task). Fig. 2 shows that the language-specific map once again involves more than twice as much 
left than right hemisphere activation (demonstrated by 10 of the 11 subjects) whereas the face-specific map was 
quite different and involved, on average, bilaterally symmetrical, basal and middle temporal lobe activation. 

The third experiment [2], involving seven dextral adult subjects, was conducted for the purpose of 
demonstrating that the language-specific maps were independent of the modality of the stimulus used to evoke the 
language function; that were in fact identical in each subject no matter whether the linguistic task involved words 
presented visually or aurally. To assess the merit of that proposition, each of the seven subjects was given, in turn, 
the auditory and the visual word tasks (the same ones used in experiments 1 and 2, respectively). All subjects, in 
this case, showed greater degree of left hemisphere activation, which, as in Fig. 3, involved almost exactly the same 
brain areas in each subject. 
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Fig. 3: The parasagittal aspect of the language- 
specific left hemisphere maps of one subject. Circles 
represent sources activated in the auditory and crosses the 
visual language tasks. 



A fourth experiment (unpublished) involving eight normal volunteers was conducted for the purpose of 
determining whether expressive language tasks would result in different cortical maps than the receptive language 
tasks thus far examined. Each subject performed the visual receptive language task and an additional one involving 
judgments as to whether or not pairs of nonsense words rhymed. This task requires that the visually presented 
stimuli be covertly articulated. The maps resulting from the later task did extend to left frontal areas, as shown in 
Fig. 4, and in that respect, are clearly dissociable from the receptive language maps. 




Fig. 4: A left hemisphere map from one 
subject, obtained during the rhyming task. 


Fig. 5: Mean onset and offset latency of activation of 
three sub-regions comprising the typical language 
maps. 

A fifth experiment [3] involving eleven dextral adults was conducted for the purpose of replicating, once 
more, the results of visual language task, and of determining whether MEG-derived language specific maps are 
indeed spatio-temporal. Whether, that is, they involve activation of the different regions that comprise the left 
hemisphere language maps in the same order, reliably. As shown in Fig. 5, a typical succession of activation was 
observed beginning with the basal posterior temporal, then hippocampal and finally superior and lateral temporal 
and parietal activation. 

Finally, a sixth experiment (unpublished) was conducted to examine whether language-specific maps meet 
the requirement of reliability in the sense of stability, over time. Sixteen subjects participated in the experiment. 
They were tested in two separate occasions, at least one hour apart. On both occasions they performed the visual 
language task. 

Fig. 6: A parasagittal image of one 
representative subject showing the replicability of the 
topographic detail of the language specific-maps 
from one session (circles) to the other (crosses). 



On average, the number of late EF sources in the left hemisphere was nearly identical for the two replications 
and this was also true in the right hemisphere. Of the 16 subjects, 14 showed a clear asymmetry in the degree of 
activation favoring the left hemisphere, one subject showed bilaterally symmetric activation, whereas in one subject, 
a greater number of activity sources were found in the right than in the left hemisphere. The direction of 
hemispheric asymmetries in activation was replicated in the second session in all 16 cases. Moreover, the 
distribution of activation was essentially identical, with minor variations, between the first and second replication in 
each of the 16 subjects. 

This experiment concluded our series of normative studies undertaken to establish the reliability of the 
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procedure and its validity (the latter defined as degree of concordance between the MEG-derived maps and 
expectations based on prior knowledge of the functional brain organization for language). However, for this 
procedure to be used confidently for presurgical mapping of the language-specific cortex, it was necessary to 
demonstrate first that its predictions of hemispheric dominance and of the specific locus of the language-specific 
cortex accord with those made by standard procedures that are currently used with confidence and are considered as 
"gold standards", namely, the Wada procedure which is used for determining hemispheric dominance [4], and the 
procedure of direct cortical stimulation which is used intraoperatively for more precise localization of language- 
specific cortex. To ascertain the degree of concordance between the MEG and the Wada for individual patients, we 
are conducting the seventh experiment in the series, while an additional one is being performed in order to ascertain 
the degree of concordance between the MEG-derived maps and those derived from direct cortical stimulation 
procedures, intraoperatively. 

Up to the present time, fifteen consecutive candidates for epilepsy surgery who had undergone Wada testing 
were evaluated. With three patients who were dyslexic we used the auditory version of the language task and for the 
rest of the patients the visual version. On the basis of the number of cortical sources that accounted for the late EF 
components, two patients were identified as right hemisphere dominant for language (about twice as many in the 
right than the left hemisphere); twelve patients were identified as left hemisphere dominant (about twice as many 
sources in the left than the right hemisphere) and one as having bilateral language representation (equal number of 
sources in both hemispheres). The degree of concordance between MEG and Wada has been, up to now, perfect. 



Fig. 7: Examples of receptive language maps obtained from a left, a right and a bilaterally dominant 
patient (right to left). 

The eighth study involves, up to now, a series of five patients, who were all surgical candidates. Four of the 
patients underwent electrical stimulation of the cortex intraoperatively and one extraoperatively through implanted 
electrode grids. Language mapping was performed by applying cortical stimulation during the presentation of a 
short phrase or question. Interruption of receptive language was inferred when the patient had difficulty with 
repeating phrases or correctly responding to questions. Disruption of language occurred only at those cortical 


regions identified by MEG as language specific, in each 
Fig. 8: MEG-derived map of one patient. The 
bracket indicate the area where cortical stimulation 
resulted in interruption of speech comprehension. 



patients examined thus far. 


In view of the results of the six normative and the two on-going clinical studies just described, it seems 
reasonable to argue that functional maps fulfilling all the requirements of reliability and validity mentioned in the 
introduction, can be derived through MEG using simple efficient and eminently replicable procedures. 
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Neuromagnetic signals associated with reading Japanese characters 
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Introduction 

In everyday life, Japanese people use two writing systems: kanji (morphogram) and kana (syllabogram) systems. 
A single kanji character has a few phonetic values and a few semantic values. The kana system has two scripts: hiragana 
and katakana. A single kana character has only one phonetic value and no semantic values. The hiragana and katakana 
scripts have a strict one-to-one correspondence. 

Reading and writing of the kanji and kana characters have been studied behaviorally,neuropsychologically, andby 
functional imaging. In their behavioral studies, Sasanuma [1] and Hatta [2] reported right visual field (RVF) superiority 
for reading kana characters and left visual field (LVF) superiority for reading kanji characters. On the other hand, no such 
lateralization was found in several other studies [3-5]. Iwata [6, 7] proposed that kanji characters are processed in the left 
ventral and kana characters in the left dorsal visual pathway. A number of studies support this hypothesis [8,9] while some 
recent patient studies are against it [10-12]. Sugishita [12] claimed that impairments of reading kanji and kana characters 
do not correlate with damages of definite neuroanatomical structures. 

In positron emission tomography (PET) studies [13], reading kana words activated bilaterally the lateral and medial 
occipital gyri and the posterior inferior temporal areas, but the left angular gyrus was not activated. In contrast, Law [14] 
found activity in the left angular gyrus and in the left supramarginal gyrus by subtracting the responses to reading kana 
characters from those to reading kanji. Kuriki [15] showed with magnetoencephalography (MEG) study that reading 
katakana characters activate mainly the left lateral sulcus (LaS) and the left superior temporal sulcus (STS). Imada [16] 
found equivalent current dipoles (ECDs) associated with reading hiragana characters in the occipito-temporal area, the left 
STS, the left LaS, the left supramarginal (Sm) region, and the angular (Ang) region. Imada [17] found ECDs related to 
reading/reconstructing kanji characters in the intraparietal sulcus (IpS), the LaS, and Ang regions. Koyama[18] foundno 
differences between regions activated by reading kanji and kana characters; in her MEG experiments, the kanji and kana 
characters and alphabet letters were randomly presented in one block. These results suggest that reading does not differ 
systematically between LVF and RVF presentations or between kanji and kana characters. 

In the present study, we presented kanji and kana characters in separate blocks, and compared the ECD locations 
between reading kanji and kana. 



fixation point 
Y 

& 


1 . 3 ° 


1 . 3 ° 


Materials and Methods 

Subjects, stimuli and tasks: We studied 7 normal Japanese subjects (4 females; 23-26 years). In Experiment 1, more 
than 500 real and pseudo kanji characters were prepared by combining one of 30 left “hen” radicals and a corresponding right 
“tsukuri” radical. The constructed kanji characters were presented randomly either to LVF or RVF, one at a time; the “hen” 
was always presented to the left and the “tsukuri” to the right position, as shown in Fig. la. In Experiment 2, 64 
orthographic and 144 heterographic hiragana characters were prepared for stimuli, and presented one at a time randomly to 
LVF or RVF in the same manner as in Experiment 1 (Fig. lb). 

In Experiment 2, 64 orthographic and 144 heterographic 
hiragana characters were prepared for stimul i, and presented one 
at a time randomly to LVF or RVF in the same manner as in 
Experiment 1 (Fig. lb). The subjects’ task was to judge, 
without moving their eyes, whether the presented characters 
were corrector wrong, namely real or pseudo kanji characters in 
Experiment 1 and orthographic or heterographic kana characters 
in Experiment 2. In both experiments, the characters, each 
subtending 1.3 by 1.3 degrees in visual angle, were presented 
for 0.1 s with a random interstimulus interval between 1.9 and 
2.1 s. The presentation probability was equal for correct and 
wrong characters and also for LVF and RVF presentations. 

Recordings: The brain’s magnetic fields were recorded by a 
whole-scalp neuromagnetometer (Neuromag-122™, 

Neuromag, Ltd., Finland) in a magnetically shielded room. The 
signals were first analogically filtered (passband 0.01-100 Hz), 


(b) 


Figure 1 Stimuli in Experiments 1 and 2 

(a) An example (real kanji) of a left “hen” radical and a 
right “tsukuri” radical presented to LVF. The small 
black circle is a fixation point. One of two radicals 
is always presented on the fixation point and the 
other radical randomly to LVF or RVF. 

(b) An example of orthographic kana characters. The 
small black circle is a fixation point. One kana 
character is always presented on the fixation point 
and the other kana character randomly toLVF or 
RVF. 
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then digitized at 0.5 kHz, and finally stored in the computer disc. The entire epoch was rejected if a vertical electro¬ 
oculogram exceeded 150 pV or one of magnetic channels showed amplitude higher than 3000 fT/cm. 

Analyses: After averaging more than 80 correctly-answered epochs, separately for LVF and RVF presentations and also 
separately for correct and wrong characters, the responses were digitally lowpass filtered (cutoff-frequency 40 Hz), and the 
DC-offset of the 0.1-s prestimulus period was removed. The analysis time extended from 0.1 s before to 1.8 s after the 
stimulus onset. Assuming a single dipole in a spherical head model , we estimated ECDs using responses of 16-20 
channels. The selected ECDs had to satisfy the following two criteria continuously for 10 ms or longer: the goodness- 
of-fit value > 80% and the 95%-confidence volume < 268 mm 3 . A time series of these ECDs, which are closely located 
to each other, forms an ECD cluster. 

Results 

Behavioral data: Table 1 shows that the mean accuracy did not differ between RVF and LVF presentations or between 
kanji and kana characters. However, the mean reaction time in kana reading was significantly shorter for RVF than LVF 
presentation (t=2.45, p<0.05). The mean reaction time was significantly shorter for reading kana than kanji characters 
presented to RVF (t=2.47, p<0.05). 


Table 1 Mean accuracy and mean reaction time for Experiments 1 and 2 (mean ± standard error of mean) 



Mean Accuracy (%) 

Mean Reaction Time (ms) 


Experiment 1 

Experiment 2 

Experiment 1 

Experiment 2 


kanji character 

kana character 

kanji character 

kana character 

LVF presentation 

83 ± 1 

88 ±2 

722 ±21 

699 ± 24 

RVF presentation 

82 ±2 

87 ±2 

724 ± 18 

680 ± 20 



Figure 2 Neuromagnetic results in Experiments 1 and 2 

The response waveforms at measurement channels indicated by the shaded rectangles in the inset (top view of the head). The 
arrows indicate the deflections corresponding to the ECD clusters, which, illustrated as an open ellipse or circle, are projected 
onto the coronal, sagittal, and horizontal sections of each subject’s magnetic resonance images. The vertical line indicates 
the reaction time. 

(a) The ECD clusters in the right ventral visual pathway (Exp.l: SI). 

(b) The ECD clusters in the right dorsal visual pathway (Exp.l: S2). 

(c) The ECD clusters in the right dorsal visual pathway (Exp.2: S3). 

(d) The ECD clusters in the left ventral visual pathway (Exp.2: S7). 
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Figure 3 

Active latency range (shaded) in the left and right ventral and dorsal visual pathways for each individual subject SI through S7 
for reading kanji characters. ECDclusters were found in the shaded latency ranges, but they were not found in the latency range 
indicated by the open square. In all subjects, the sustained activity was found in the right hemisphere. 


Neuromagnetic data: Figure 2 illustrates typical response waveforms and the corresponding ECD clusters projected 
onto the individual’s magnetic resonance images for (a) Subject 1 and (b) Subject 2 in Experiment 1, and for (c) Subject 
3 and (d) Subject 7 in Experiment 2. 

Figure 3 illustrates the active latency range of the ventral and dorsal visual pathways in each subject in Experiment 
1. As Fig. 3 shows, we found avtivation in more than one visual pathway for every subject. Every subject showed 
sustained activity in at least one visual pathway; which was found mostly in the right hemisphere. Besides these ventral 
and dorsal visual pathways, most subjects showed ECD clusters in the left hemisphere; the left Sm region, the left STS 
and the left LaS. Table 2 shows the number of subjects showing ECD clusters in different brain regions. 


Table 2 The number of subjects who showed ECD clusters in the following brain regions. 



Experiment 1 

Experiment 2 

brain regions 

kanji character 

kana character 


Left hemisphere 

Right hemisphere 

Left hemisphere 

Right hemisphere 

ventral visual pathway 

5 

5 

6 

4 

(occipito-temporal area) 





dorsal visual pathway 

1 

6 

1 

3 

(occipito-parietal area) 





supramarginal region (Sm) 

5 

3 

6 

1 

superior temporal sulcus (STS) 

5 

1 

4 

1 

lateral sulcus (LaS) 

2 

1 

3 

2 


Discussion 

Behavioral data: The RVF superiority in reading kana characters agrees with previous reports [1,2]. However, we did 
not find any differences in either accuracy or reaction time between LVF and RVF presentations of the kanji characters 
although Hatta [19] reported the LVF superiority in the accuracy for reading kanji characters. The discrepancy between 
Hatta’s and our results may be due to the presentation positions; Hatta presented two kanji radicals 3 and 7 degrees left or 
right from the fixation point while our stimuli were presented 0 and 1.6 degrees left or right from the fixation point. The 
foveal presentation may have reduced the laterality effect. 

Neuromagnetic data: Kanji reading activated the ventral visual pathway bilaterally, but the most sustained activation 
was found in the right hemisphere. This result is in line with LVF (right hemisphere) superiority shown by Sasanuma[l] 
and Hatta [2]. In the hiragana reading experiment, more than half of subjects showed ECD clusters bilaterally in the ventral 
visual pathways; this result roughly agrees with Sakurai’s PET study [13]. Our results showing bilateral activity in the 
ventral visual pathway in reading both kanji and kana characters are in general in line with Koyama’s results [19] who also 
observed ECD clusters bilaterally in the occipito-temporal areas. In addition to these active areas, kanji reading activated 
in 6 out of 7 subjects the right dorsal visual pathway, possibly because reconstruction of the kanji character requires spatial 
manipulation of the radicals in mind. 
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In our experiments, the leftSm region and the left STS were also activated in reading both kanji and kana characters. 
The activity in the left STS for reading kana characters supports Kuriki [15] and our previous report [16]. The activity in 
the left Sm region (bordered by IpS) in reading kanji characters supports the recent report [20] and our previous report [17]. 
These areas may not be related to analyzing the visual characteristics of the characters but to converting the visual 
information into e.g. the phonological information. 

Conclusions 

The reaction time showed the right visual field superiority for kana reading. In kanji reading, more than one visual 
pathway was activated in all subjects, and at least one of them showed sustained activity; in addition to these ventral and 
dorsal visual pathways, the left Sm region and the left STS were activated as well. During kana reading, all subjects showed 
activation in ventral and/or dorsal visual pathways; additional activation spots the left Sm region and the left STS. We did 
not find a systematic difference between visual pathways activated by kanji and kana reading. 
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Introduction 

Cortical activation patterns in subjects with impairments of language function can inform us about time 
windows and brain areas critical to particular cognitive operations. Developmental disorders like dyslexia are particularly 
intriguing, as the deficit is observed only at the functional level, with no clear-cut neuroanatomical correlates. 
Developmental dyslexia is a disability in learning to read despite conventional instruction and adequate intelligence. 
Dyslexia persists into adulthood although with adequate tutoring and the development of compensatory strategies reading 
ability may be markedly improved. Currently, dyslexia is mainly attributed to deficits in auditory and phonological 
processing. This presentation discusses three MEG experiments assessing cortical correlates of reading in dyslexic and 
fluent subjects. We propose that activation of the left inferior temporo-occipital cortex, 150-200 ms after word onset, 
represents the gateway from visual to linguistic processing, critical to fluent reading. 

Methods 

In Experiment 1, 6 dyslexic adults and 8 fluent subjects were passively viewing 7-8 letter Finnish words and 
nonwords (duration 300 ms, ISI 3 s). To keep the subjects alert, they were instructed to read aloud the rarely occurring 
word "kirahvi" (giraffe) which was not included in the analysis [1]. In Experiment 2, comprehension of connected text 
was monitored in 8 dyslexic and 10 fluent readers. We employed a modified version [2] of the classical N400 paradigm 
[3]: Dyslexic and normal subjects were shown 400 Finnish sentences, one word at a time (duration 330 ms, ISI 1 s). 
The last word of the sentence was either expected, like in "The piano was out of tune", rare but reasonable, like in 
"When the power went out the house became quiet", when most people would expect "dark" - or the sentence could end 
with a totally anomalous word, like "The pizza was too hot to sing". In addition, we had so-called phonological 
sentences, where the word was semantically wrong but shared its first letters (and phonemes) with the expected final 
word, like in "The gambler had a streak of bad luggage" instead of "luck", aimed at visualizing the possible guessing-by- 
first-letters approach in dyslexics [4,5]. 

Experiment 3 focused on early visual processing of letter strings. Twelve fluent readers were shown 4-letter 
Finnish words (duration 60 ms, ISI 2 s), imbedded in a variably noisy background (4 noise levels), and interspersed with 
strings of 4 geometrical symbols. A rarely presented question mark prompted vocalization of the most recent word. The 
same measurement was performed also with 2-letter Finnish syllables, single letters, and pure noise [6]. Ten dyslexic 
subjects have recently been tested with the word and pure noise stimuli. 

Brain activity was recorded with a Neuromag-122™ whole-head system [7], using a 0.1-kHz low-pass filter, and 
sampled at 0.4 kHz. 

Results 

In Experiment 1, activation patterns in the left hemisphere were significantly different in fluent and dyslexic 
subjects, starting about 150 ms after word onset (Fig. 1). The control subjects showed a strong, brief response in the 
left inferior temporo-occipital cortex, peaking at about 180 ms. This response was identical to words and non-words. In 
the dyslexic subjects, this area was either silent, or the activation reached maximum up to 300 ms later than in the 
control subjects. In the fluent readers, the early posterior response was followed by a strongly lateralized left superior 
temporal activation 200-400 ms after word onset. Again, the left temporal cortex did not respond in the dyslexic 
subjects. Instead, they showed activation of the left inferior frontal region, approximately Broca’s area, in this same time 
window [1]. 

Activation of the left inferior temporo-occipital cortex within the first 200 ms after seeing a word may thus 
play an important role in fluent reading. The lack of subsequent temporal lobe activation in the dyslexic subjects may be 
a direct consequence of the dysfunction of the earlier processing stage, or it may reflect a separate deficit, possibly in 
phonological processing. 

Experiment 2 aimed at narrowing down the time window of cortical dysfunction in dyslexia, by assessing word 
and sentence comprehension. As illustrated in Fig. 2 for one normal subject, the posterior visual responses were the 
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same to the four types of sentence-ending words, whereas the systematic differences over the left temporal lobe reflected 
sensitivity to the meaning of the final word and its role in the sentence context: The totally wrong words (anomalous, 
phonological) resulted in a prominent response, peaking about 400 ms after word onset. The signal was much smaller 
for the rare but correct final words, and basically no response was recorded to the expected words [4]. 


Fluent 

subjects 


0 - 200 ms 200 - 400 ms 




400- ms 


Dyslexic 

subjects 






Fig. 1. Source areas of all fluent subjects are displayed on top and source areas of all dyslexic subjects below, 
in 200-ms time windows. Rectangles indicate areas showing significant differences between dyslexics and fluent readers. 




— expected 

— rare 

— anomalous 

— phonological 



Fig. 2. MEG responses to the different types of final words in the occipital and left temporal regions in one 
control subject. 


When the brain areas producing this type of graded effects were identified in each individual and the data were 
combined for all control and dyslexic subjects, the clearest source cluster was found in the left superior temporal cortex 
in both subject groups (Fig. 3). In about half of the control subjects, N400 type behaviour was detected also around the 
posterior end of the left sylvian fissure and/or in the right superior temporal cortex. 


Fluent subjects 




Dyslexic subjects 



Fig. 3. Source areas sensitive to the meaning of the word and its role in the context created by the sentence, 
combined for all fluent and dyslexic subjects. 


Because of the obvious similarity of the source clusters in the left middle superior temporal cortex, it was 
possible to directly compare the time behaviour of these responses in dyslexic and fluent subjects (Fig. 4). In both 
subject groups, the response was strongest to the totally wrong words (anomalous, phonological) and smaller and 
shorter lasting to the rare but semantically possible words. The expected words elicited no activation exceeding the noise 
level; the brain did not react to the obvious alternative. The semantic activation was overall weaker and more variable 
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both in latency and in amplitude in dyslexic than in control subjects. However, the difference between the two subject 
groups was most dramatic in the onset of the semantic response: In the control subjects, the response to all endings 
started to rise sharply about 250 ms after word onset. In the dyslexic subjects, however, the onset was delayed to about 
350 ms, similarly for all word types [5]. 

The N400 response patterns were thus comparable in dyslexic and fluent readers but the onset of the semantic 
activation was shifted by about 100 ms, again pointing to problems within the first 200 ms after seeing a word. 


Fluent subjects Dyslexic subjects 



Fig. 4. Time behaviour of the left temporal lobe response to the three unexpected sentence endings, averaged 
over fluent and dyslexic subjects; line codes as in Fig. 2. To compensate for individual variability in activation 
strengths, the maximum response in each subject, obtained in the phonological condition, was set equal to 1, and 
response strengths in the other conditions were related to it. The onset and offset times and time points where the 
response reached 25%, 50%, 75%, and 100% of the maximum were determined for each word type, and averaged over 
subjects; the horizontal and vertical bars show the standard errors of mean. The source strengths in dyslexic subjects 
were related to those of the control subjects (dashed grey curves). 

Experiment 3 focused on a possible dedicated route for perceiving letter strings, as opposed to symbol strings 
and overall stimulus structure. Most fluent readers showed two distinct response patterns: An early response within the 
first 150 ms, which increased with increasing background noise (Type I), and a subsequent deflection peaking before 200 
ms, which was strongest for words (Type II) and was decreased and delayed with higher noise levels. Figure 5 combines 
source areas and strengths of the Type I and Type II activations in all control subjects. 



noise ——► noise —-► 


Fig. 5. Source areas and strengths of Type I activations (left), normalized with respect to the highest level of 
pure noise, and Type II activations (right), normalized with respect to words with no noise, all in fluent readers. The 
blocks from left to right: pure noise, single letter, syllable, word. The black bar to the left of each letter-string block 
indicates the response to symbol strings of the same length. Within each block, noise level increases from left to right. 

Type I response, detected in 9 of 12 subjects, concentrated close to the occipital midline, rather on the right 
side. The response peaked 100-150 ms after stimulus onset. It was sensitive to all structure in the stimulus: The 
response was stronger when the background became more noisy and also when the length of the letter or symbol string 
increased. Type I response did not differentiate between symbols and letters. The subsequent Type II response, detected in 
11 of 12 subjects, originated predominantly in the left inferior temporo-occipital cortex. It appers to be specific to letter 
strings: The activation was strongest for words with no noise, smaller for syllables, still smaller for letters, and smallest 
for pure noise. The response decreased for the highest noise levels, where the letter string was not really visible any 
more. Moreover, Type II response was significantly smaller to symbol than letter strings [6]. 

The word and pure noise stimuli have recently been tested on dyslexic subjects. They showed a normal Type I 
response (structure) but no detectable Type II response (letter strings). 
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Discussion 

Activation patterns between dyslexic and fluent readers started to differ 150-200 ms after word onset, in the left 
inferior temporo-occipital cortex. Activation in this cortical region, within this time window, appeared to be specific to 
letter strings. Direct recordings of neuronal activity during brain surgery have shown letter-string specific responses in 
the region of the inferior temporal sulcus or fusiform gyrus, peaking about 200 ms after word presentation [8]. The 
intracranial recordings and the non-invasive MEG responses most probably reflect the same cortical process. 

The lack or delay of this early letter-string specific activation in dyslexic subjects is likely the immediate 
reason for their manifest difficulties with written words. Based on Experiment 3 with noisy words, visual processing in 
dyslexic subjects may well be normal up to 150 ms. Why would processing fail at a later stage? In addition to letter 
strings, neuronal populations in human extrastriate visual cortex respond selectively to faces, words, or numbers, i.e., to 
exceptionally relevant categories of visual objects [9]. Such tuning of neuronal populations is likely to develop with 
repeated exposure to the specific stimuli during ontogeny. 

Reading acquisition has been suggested to proceed in three steps: At first, certain familiar words are recognized 
by their overall structure, then one learns to convert graphemes to phonemes from left to right, and finally reading is 
again dominated by visual recognition of wholes. In this model, dyslexia is associated with failure in the second stage: 
due to impaired phonological awareness grapheme-to-phoneme conversion remains laborious and, accordingly, reading is 
slow and error prone even in adulthood [10]. 

The observed lack of letter-string specific activation in dyslexic subjects could reflect a purely visual 
impairment. However, at this stage we feel that our finding is compatible with the current phonological theories of 
reading acquisition, and with its failure in dyslexia. If the phonological analysis is slow and incomplete, the tight 
reciprocity of visual letter strings and spoken entities is difficult to build. A gateway from visual to linguistic analysis, 
which would automatically set letter strings apart from other objects and facilitate fluent reading, may then fail to 
develop. 
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Introduction 

Single cell and intracranial field potential recordings in hippocampus reveal 4-12 Hz oscillatory (theta) activity 
which is remarkably prominent in the rodent brain. There is evidence for a 4-7 Hz cognitive component associated with 
attentive behavior, and an 8-12 Hz component associated with movement [l]. Firing of interneuron networks show 
theta-band variability even if theta is poorly represented in field potentials [2]. Reports of hippocampal theta in man arc 
very rare. Although intracranial recordings demonstrate a possible relationship between action potentials and movement, 
especially for a high degree of effort [3], spontaneous theta recorded with intracranial electrodes in patients has been 
associated only with epileptic disorder [4]. 

Electroencephalographic (EEG) recordings show prefrontal and posterior responses which are correlated by phase- 
locked 4-7 Hz activity during the retention period of a working memory task [5], and an increase of frontal theta with 
load [6], suggesting a functional role for theta in human cortex. However, identification of hippocampal responses from 
EEG data has not been reported. Magnetoencephalographic (MEG) recordings show distributed frontal theta during 
mental calculation [7]. The first reports of theta in normal human hippocampal formation were observed in MEG data 
recorded also during a mental arithmetic task [8]. 

We recorded MEG responses during a short-term (Sternberg) memory task requiring a cued motor response 
following sequential presentation of elements of a memory set. One aspect of this task is an appreciation of the 
temporal pattern of stimulus presentation. We investigated MEG responses both during the short-term memory task and 
during a control task requiring a perception of the temporal pattern of the presentation of the stimului. 

(a) 

Memory set Probe Memory set Probe 

I I I I I_I_I I I I I I I_L 

b s 8 2 3 8 b s 7 4 9 2 6 3 

(b) 

Identical set Probe Identical set Probe 

l I l 1 l_l_i i i i i i i i 

BS+ + + + BS+ + + + + + 

TTs ~ 

Fig. 1 Temporal pattern of stimulus presentation for (a) a short-term memory task and (b) a control task. Each trial 
begins with a prompt to blink, B, and a cue to start, S. The stimuli for the memory task consist of visually presented 
integers. In the control task, all integers are replaced by crosses. 

Methods 

MEG responses were recorded from 10 normal right-handed adult subjects during the performance of a short-term 
(Sternberg) memory task and a control task. Fig. 1 shows the temporal pattern of the stimuli. Subjects were asked to 
attend to and remember a subset of the integers (0, I, 2, ... , 9) which was presented sequentially to the center of the 
visual field at interstimulus intervals of 1.2 s. The last integer in the set was followed after a 3 s retention period by a 
“probe” integer. Subjects were instructed to lift the right (left) index finger if the probe was in (not in) the memory set. 
The integers presented and the sizes of each memory set (1, 3, 5 or 7 elements) were randomized between blocks. There 
were 40-50 trials for each of the 1, 3, 5 and 7 element memory sets and controls. Each block of integers was preceded 
by a visual prompt to blink, the letter “B”, and a cue to start, the letter “S”. The subsequent blink prompt followed the 
probe stimulus by 1.4 s. In two separate control experiments, all integers were replaced by crosses. The subject was 
instructed to consistently lift the right (left) index finger on the presentation of the “probe” cross, which was to be 
identified by the 3 s delay interval. 

MEG signals were recorded with a 122-channel whole-scalp array [9]. Signals were bandpass filtered at 0.03-130 Hz 
and sampled at 987 Hz. A vertical electro-oculogram (EOG) was recorded to identify eye movements and blinks. Raw 
data which contained all MEG and EOG signals, stimulus markers and motor responses was visually inspected, and 
epochs containing muscle or movement artifacts other than blinks were rejected. Averaged evoked responses triggered on 
stimulus presentations and on motor responses were calculated off-line. Evoked MEG responses were computed for each 
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subject tor an average across all trials with the same number of memory set items. Responses to the control stimuli 
were averaged in the same fashion. 

Equivalent current dipoles (ECDs) were determined individually for each subject for sources in left (right) 
sensorimotor cortex from a least-squares fit to the average evoked response data at 10-40 ms after the lifting of the left 
(right) finger. The first prominent evoked responses time-locked with the centrally-presented integer and cross stimuli 
had quadripolar, rather than dipolar, magnetic field topographies over occipital cortex. These responses were characterized 
directly by the topographies of the signals recorded in the array, with a separate topography at the peak latency for 
integer and for cross stimuli. Other prominent evoked responses at 140-300 ms following stimulus presentation which 
were recorded in the planar gradiometer channels located over occipital and parietal cortex were also characterized directly 
as topographies. The total number of components for these distributed responses was less than 4. We utilized signal- 
space projection (SSP) to provide a common framework for the description of both the localized (ECD) and distributed 
signal components f 10, I 1]. Each ECD was identified with a unit vector in 122-dimcnsional signal space from the 122 
responses which that individual source generated in the MEG array. The occipital and parietal components were 
identified directly as the values of the 122 MEG signals. In addition, a SSP component was defined by the topography 
recorded in the MEG sensors at the peak of the averaged EOG waveforms for the cued blinks. 

We investigated possible activation of the hippocampal formation utilizing dipolar current sources as generators of 
SSP components. In agreement with our previous work [8, I2|, locations were selected in left and right anterior 
hippocampus from the individual subjects’ MR images. Two orientations of current How were selected which span a 
plane approximately tangent to the skull [12]. The 122 MEG responses corresponding to current flow at each 
hippocampal site were computed using a single-compartment boundary-element model for the conducting volume of the 
brain determined from the subject’s MR images [13]. 

Waveforms were derived from a pseudoinverse of the SSP source matrix for a single hippocampal SSP component 
in conjunction with the set of localized sensorimotor and distributed occipital, parietal and blink SSP components [10, 
11]. The SSP waveforms for the cortical, distributed and blink components were independent of the inclusion of the 
hippocampal component in the inversion. For data recorded with the 122-channel system, the hippocampal waveforms 
were relatively insensitive to the specific location of the generator for displacements on the order of l cm. We report 
here on results for orientation of the hippocampal generator in the coronal plane (component h c in refs. 8 and 13). 
Evoked SSP responses were computed for each subject triggered on stimulus presentation and motor response for an 
average across all trials which had the same number of memory set items. Responses to the control stimuli were 
averaged in the same fashion. 
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Fig. 2 Responses during the retention period, (a) Grand average across subjects and size of the memory set of the 
average evoked responses time-locked to the stimuli. The responses for the short-term memory task are indicated by the 
thick lines. Responses for the control task are indicated by the thin lines, (b) Grand average across subjects of power 
spectra of the average evoked responses over the epochs shown in (a). 

Results 

We present results for grand averages across all subjects and memory set number. These curves display features 
common to cued motor responses based on a search of short-term memory independent of the details of the specific item 
or number of elements being scanned. These responses are compared to those generated in the control trials, which 
contain no memory content but do require an appreciation of the underlying temporal pattern of the presentation of the 
stimuli. Fig. 2 (a) shows grand averages of responses time-locked with the stimuli for the retention epoch. There is an 
early bilateral response at -145 ms following the last stimulus of the sequence which is very similar for both memory 
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set and control, followed by responses at 255 ms on the right and 400 m on the left. The latter responses display a 
dissociation for memory set and control. Unusually large amplitude evoked response peaks continue throughout the 
retention epoch. Fig. 2 (b) shows the spectral content of these responses for memory set trials and controls. The spectral 
peaks in the theta-band (4-12 Hz) evidence stimulus-locked oscillatory activity which has survived 1726 and 1202 
averages, respectively. The system noise for the MEG array is broadband, and on the order of the spectral amplitudes 
above 15 Hz. Interestingly, stimulus-locked oscillatory activity at 4-7 Hz in the right hippocampal component is 
observed only during the control trials. 


Left anterior — Memory set Right anterior 

hippocampus 087 trials hippocampus 



Fig. 3 Responses following in-set probes, (a) Grand average across subjects and size of the memory set of the 
average evoked responses time-locked to the in-set probes, (b) Grand averages of evoked responses which are time-locked 
with the lift of the right index finger. Responses for the memory task are indicated by the thick lines and for the control 
task by the thin lines. 
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Fig. 4 Grand average across subjects of power spectra of the evoked responses shown in Fig. 3. (a) Spectra of 
evoked responses time-locked with the presentation of the probe stimuli, (b) Spectra of evoked responses time-locked 
with the lift of the right index finger. Responses for the memory task are indicated by the thick lines and for the control 
task by the thin lines. 

Fig. 3 shows evoked responses for activity following the presentation of the probe stimuli. Interestingly, the early 
evoked response to the probe in the right hippocampal component now occurs at 160 ms after the stimulation for both 
memory task and control. Both left and right hippocampal components contain responses peaking at 270 and 265 ms 
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respectively which reflect the demands of the short-term memory task. Movement-triggered evoked responses show a 
broad biphasic response starting at about 800 ms before to 800 ms after movement. Again, a series of very prominent 
evoked response peaks continue throughout the epochs in both stimulus- and movement-triggered responses. Fig. 4 
shows that the dominant spectral content for this activity is in the theta band, with the largest amplitude of theta in the 
control rather than memory set trials. 

Discussion 

Evidence for theta-band activity was observed in both stimulus- and movement-triggered evoked responses during a 
short-term memory task and a task requiring recognition of the temporal pattern of stimulus presentation. Interestingly, 
both 4-7 and 8-12 Hz responses were most prominent during the control task. The observation of spectral components 
in the theta band supports our earlier initial observation of theta as a component of hippocampal formation responses in 
normal human subjects [8|. The apparent decrease of stimulus- and movement-locked activity during the short-term 
memory task may be the result of either an overall decrease in amplitude or a dephasing of generators due to phase- or 
frequency-specific responses to individual stimuli and/or memory set size. This question can be addressed in the future 
through an investigation of non-stimulus locked activity and responses specific to the size of the memory set. 
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Introduction 

In our recent study with MEG (Magnetoencephalography) approach [1-3], we examined the cognition processes 
related to the visual language, such as single characters, character strings of words and non-words in human subjects 
performing a delayed matching task. In this task subject judged matching of two stimuli (characters or patterns) 
presented in turn with a delay time between them. MEG responses elicited by the post-delay time stimulus (target 
stimulus) were mainly measured and analyzed, where the pre-delay time stimulus (sample stimulus) was used only as 
the reference that should be compared with the target. In these target responses, activities related to comparison and 
judgment, besides the cognition of the visual language may also be included. In order to study different activities 
separately, we measured and compared the responses elicited by the sample and target stimuli in a delayed matching 
task and those in a non-delayed matching task. Here, the non-delayed matching task requires almost the same 
comparison and judgment processes as the delayed matching task, but the sample and target stimuli are presented 
simultaneously without delay time. 

Methods 

Delayed matching task We used Japanese Katakana and 
Hiragana monosyllabic characters, which have the same pronunciations 
but dissimilar graphical structure, where matching of the reading of 
their characters was assessed in a sequence shown in Fig. 1(a). The 
sample stimulus, which was composed of three Katakana characters 
arranged vertically, was presented for 120 ms. After a delay time of 
1.0-1.5 s, the target stimulus, which was composed of three Katakana 
characters arranged vertically, was presented. Subjects were instructed 
to gaze the center of the three characters, and to judge whether the 
reading of the three characters agreed between the sample and target. 

Here, one of the three characters was mismatched at 50 % probability. 

They reported the judgment by pressing the right or left key. The target 
stimulus vanished at the key pressing. Stimuli were projected on a 
screen at a visual angle of about 2 degrees and 7.0 cd/m 2 luminance on 
a background of 0.6 cd/m 2 . 


sample target 
(Hiragana) (Katakana) 



(a) Delayed matching task 



Fig. 1 Time sequence of stimuli presentation. 
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Non-delayed matching task This task was composed using 
the Hiragana characters in the time sequence shown in Fig. 1(b). 
Subjects were instructed to judge the matching of vowels of all three 
Hiragana characters of the sample and target (S&T) stimulus arranged 
vertically. Other experimental conditions were the same as in the 
delayed matching task. 

MEG measurements Five Japanese males, right-handed and 
aged 23-33 years, participated in the experiment. MEG responses 
were recorded over the right and left occipitotemporal regions using 
two 37-channel SQUIDs simultaneously (Biomagnetic Technologies 
Inc. at the National Institute for Physiological Sciences) while subject 
lay on a bed. In each measurement session, 100 magnetic responses to 
different stimuli set with the correct judgment were collected and 
averaged. The obtained responses were filtered to a bandwidth of 1-40 
Hz. Localization of single ECD (equivalent current dipole) sources 
was performed at 3.5 ms steps during the period of response peaks. 
From the calculated ECDs, those that satisfied the following 
conditions were selected: (1) goodness of fit larger than 90 %, (2) 
95% confidence volume smaller than 268 mm 3 (4 mm radius sphere), 
(3) correlation between the calculated and measured fields larger than 
95 %, (4) conditions 1-3 last for more than 10 ms. These conditions 
indicate the validity of assuming a single ECD to represent the 
generator of the measured fields, and ensure the temporal and spatial 
stability of the ECD. The location of the ECDs in the brain anatomy 
was determined by projecting their coordinates on the individual 
magnetic resonance images, which were recorded using a Tl- 
weighted gradient-echo sequence. 

Results 

The reaction time (RT), i.e., latency from target stimulus onset 
to the time of key depression, was also measured during the MEG 
measurements. The mean RT (SD) across subjects for the delayed 
matching task of 1415 (325) ms was significantly longer (t-test, 
p<0.01) than the RT for the non-delayed matching task of 746 (100) 
ms. 

Waveforms of magnetic fields measured over the left 
hemisphere of a subject using a 37-channel SQUID and their contour 
maps for the sample and target stimulus in the delayed matching task 
and for the S&T stimulus in the non-delayed matching task are shown 
in Fig.2. These waveforms are superimposed on the same base line 



1000 


Fig. 2 Superimposed waveforms of magnetic 
fields measured on the left hemisphere 
using a 37-channel SQUID and their 
contour maps. 



Fig. 3 Dipole locations projected on the 
sagittal and coronal sections of MR 
images in one subject. 
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and the contours are drawn at three latencies. In these waveforms, 3-4 components with broad peaks were observed in 
latencies from about 150 to 600 ms after the stimulus onset. Responses A and B were observed in a latency range of 
150-300 ms for all types of stimulus at very similar peak latencies, and amplitudes, with similar contour maps, but not 
the responses after 300 ms. For example, in a latency range of the response C, a clear peak component appeared for the 
sample stimulus of the delayed matching task, but this component was much reduced for the other types of stimulus. 
Such similarities and differences of the waveforms and contour maps for the responses elicited by three types of 
stimulus were observed in all subjects. 

A few ECDs, which fulfilled the conditions described before, were obtained during the analysis period of 150- 
600 ms in each subject. Fig.3 illustrates the locations of typical ECDs, which appeared after a latency of about 300 ms, 
projected on the MR coronal and sagittal images in one subject. These ECDs are localized around the left lingual gyrus 
(LG) for the sample stimulus in a latency range of 329-342 ms, the left parahippocampal gyrus (HG) for the target 
stimulus in 278-292 ms latency, and the left insula (Ins) for the S&T stimulus in a latency of 319-325 ms. 

The ECD locations for all the subjects and tasks are summarized in Fig.4. Different symbols and numbers 
indicate the type of stimulus and subject, respectively. For the sample stimulus of the delayed matching task, the ECDs 
were found around the left Ins, the right HG, and the superior temporal sulcus (STS), inferior temporal gyrus (ITG), LG, 
and fusiform gyrus (FG) of both hemispheres. For the target stimulus of the delayed matching task, the ECDs were 
found around the left supramarginal gyrus (SmG), and the Ins, posterior end of the lateral sulcus (LS), ITG, HG, and FG 
in both hemispheres. For the S&T stimulus of the non- 
delayed matching task, the ECDs were found around the 
Ins, posterior end of the LS, STS, FG, calcarine sulcus 
(CaS), parieto-occipital sulcus (POS) in the left 
hemisphere, and the ITG, and HG in both hemispheres. 

Discussions 

In the delayed matching task, when the sample 
stimulus is presented, subjects have to read three 
characters, recognize and encode their information, and 
retain them during the delay time. After the target 
stimulus is presented, they have to read three characters 
of the target stimulus, retrieve the information about the 
previous characters of the sample stimulus, compare the 
two stimuli and judge. Encoding, retaining, and 
retrieving are the components of the memory function, 
and important to perform the delayed matching task. In 
the non-delayed matching task, subjects have to read 
three characters, compare them, and judge when the 
S&T stimulus is presented. The above memory function 
is required weakly in this task. 

If we assume that neural activities during the task 
performance proceed as in the above mode, the activities 




sections for all subjects. 

LS: lateral sulcus, STS: superior temporal sulcus, 
SmG: supramarginal gyrus, FG: fusiform gyrus. Ins: 
insular, HG: parahippocampal gyrus 
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around the Ins, ITG, and FG of the left hemisphere may be related to the process to recognize the characters, because 
they were observed in all types of stimulus in both the tasks. These results are supported by the brain activities 
measured in the PET study [4]. The activities around the ITG and FG have also been found in our previous MEG 
studies [2,5], though the task and the latencies of the activities are different from the present study. 

The activities around the posterior end of the left LS were observed in the target and S&T stimulus, and also in 
other MEG study [3] in which responses during the delayed matching task have been measured using three Hiragana 
characters as the sample stimulus and one Katakana character as the target stimulus. The activities in this area, including 
the SmG may be related to the phonological memory store [7], especially to retrieval of verbal information. 

In the right hemisphere, the activities around the LS were found for the sample and target stimulus, but not for 
the S&T stimulus. The activities around it were observed also for the target stimulus of the delayed matching task in the 
previous study [3]. It is noted that the delayed matching task, in which subjects recognized, and compared six characters, 
has heavier load than the non-delayed matching task in which subjects operated with three characters, as supported by 
the longer RT for the delayed matching task. In the PET study [6], it has been observed that the right Sylvian region is 
activated when subjects encode two visual words. As a common process to these studies, the activities around the right 
LS which includes the auditory area, might reflect the manipulation of phonological information. 

Acknowledgments 

The authors wish to thank O. Nagata and Y. Takeshima of the NIPS for their help in the experiments. 

References 

[1] Takeuchi F, Hirata Y, Kuriki S: Neuromagnetic responses related to the visual perception of readable and unreadable 
characters and words, Neuroimage, 5:S536, 1997. 

[2] Kuriki S, Takeuchi F, Hirata Y: Neural processing of words in the human extrastriate visual cortex, Cogn. Brain Res., 
6:193-203, 1997. 

[3] Kuriki S, Hirata Y, Fujimaki N,et al: Magnetoencephalographic study on the cerebral neural activities related to the 
processing of visually presented characters, Cogn. Brain Res., 4:185-199, 1996. 

[4] Rumsey JM, Horwitz B, Donohue BC et al: Phonological and orthographical components of word recognition. A 
PET-rCBF study, Brain, 120:739-759, 1997. 

[5] Koyama S, Kakigi R, Hoshiyama M, et al: Reading of Japanese Kanji (morphograms) and Kana (syllabograms): a 
magnetoencephalographic study, Neuropsychologia, 36:83-98, 1998. 

[6] Cabeza R, Grady CL, Nyberg L, et al: Age-related differences in neural activity during memory encoding and 
retrieval : a positron emission tomography study, J.Neurosci., 17:391-400, 1997. 

[7] Paulesu F, Frith CD, Frackowiak RSJ: The neural correlates of the verbal component of working memory, Nature, 
362:342-345,1993. 


635 



The Neural Correlates of the Word Repetition Effect: 

A Magnetoencephalographic Study 

Sekiguchi T 1 ’ 2 , Koyama S 1 , Naka D 1 , and Kakigi R 1 

Department of Integrative Physiology, National Institute for Physiological Sciences 1 , Okazaki; 
Faculty of Human Sciences, Osaka University 2 , Suita, Japan. 


Introduction 

Responses in various word recognition tasks become faster and more accurate by repeated presentation of words. 
This phenomenon is called word repetition effect and is robustly observed even when several words intervene between 
first and second presentations [1,21. The word repetition effect offers a clue to investigate the mechanism of word 
recognition in human brain. Many cognitive models of word recognition, indeed, have been constructed basing on the 
explanation for this phenomenon (e.g., Morton’s logogen model [3]). Word repetition also modulates event-related 
brain potentials (ERPs). A number of studies have reported that the ERPs elicited by repeated words are more positive¬ 
going than those by first presented words [4]. However, the brain areas responsible for the word repetition effect have 
not been determined yet because of a low spatial resolution of electroencephalography (EEG). 

The purpose of this study was to identify the brain areas related to the word repetition effect using 
magnetoencephalography (MEG). MEG has spatial resolution with 2-3 millimeter-range precision under favorable 
condition [5]. In the present study, we presented a set of words twice, and compared the magnetic responses to first 
presented words and those to second presented words. The lag of repetition was eight words in order to eliminate the 
matching of the first and second words in short-term memory. The subjects performed no overt task. Attention to the 
stimuli was ensured by recognition memory tests conducted after the presentation of words. This report summarized 
our previous report [6]. 

Methods 

Eight males and six females (age, 26 - 39 years; right handed) participated in the experiment. The data from two 
subjects were ruled out because of bad performances or of a large artifact. As a result, the data from the remaining 12 
subjects were analyzed. 

There were six experimental sessions each consisting of two phases, study phase and test phase. In the study 
phases, magnetic responses to 162 different words consisting of four Katakana letters (Japanese syllabograms) were 
recorded. The word was projected one by one to a screen for 800 ms with visual angle 2.9 x 0.65 degree. The inter-trial 
interval varied between 1.0 and 1.4 sec. In each session, the study phase had 54 trials with 27 different words. Every 
word was repeated once with a lag of eight words. In other words, a series of 9 new words was followed by the same 
series of 9 old words, and this sequence was repeated twice. The subjects were asked to read silently each word. They 
were informed in advance that all words would be repeated at several intervals. In each test phase, a recognition 
memory test, which was a dummy task, was conducted with 27 words presented in the study phase and nine words not 
presented. The subjects judged whether each word appeared in the previous phase or not, and counted the number of 
newly presented items. Accordingly, the experiment consisted of 540 trials (324 trials in the study phases and 216 trials 
in the test phases). 

Magnetic responses were measured from the bilateral temporal sites of the brain using dual 37-channel 
gradiometers (Magnes, Biomagnetic Technologies Inc., San Diego, CA). The magnetic responses were digitized during 
an analysis time from 200 ms before to 800 ms after the stimulus onset (band-pass filter: 0.1 - 50 Hz, sampling rate: 
520.8 Hz). The mean value of the signals during the 200 ms prior to the stimulus was used as the baseline. The 
magnetic responses to 162 words presented in the study phases were selectively averaged according to word type (first 
word / second word). 

During a word recognition task, several parts of the brain are expected to be active. We thus conducted a multi¬ 
dipole source analysis using the brain electromagnetic source analysis (BESA, version 2.1m) [7].The BESA allows the 
spatio-temporal modeling of multiple activities over a defined interval. The goodness-of-fit of the model was expressed 
as a percentage of the residual variance (%RV) between the observed fields and the theoretical fields generated by the 
model. We accepted only the model in which the %RV was below 5%. Responses from the left hemisphere and those 
from the right hemisphere were analyzed separately in each subject. We did not accept the model including more than 
three sources. 
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Results 

Clear magnetic responses were observed in both the left and right hemispheres. The amplitude of the responses 
was measured using the root mean squares (RMS) of the responses across 32-37 channels, which was calculated in each 
sampling point (Fig. 1). The responses were reduced by the word repetition from approximately 250 to 600 ms in both 
hemispheres. Analyses of variance (ANOVAs) for repeated measures with the factors of word type (first / second word) 
and hemisphere (left / right) were performed on the mean amplitudes in the latency regions of 150-250 ms and of 250- 
600 ms (Table 1). In the analysis of the 150-250 ms region, no significant effect or interaction was found. The analysis 
of the 250-600 ms region showed the main effect of word type, F(1,11) = 17.853, p < .005. The main effect of 
hemisphere and its interaction with the word type were again not significant. These results indicate that the responses to 
the second words were significantly smaller than those to the first words in the latency of 250-600 ms in both 
hemispheres. 


Left hemisphere Right hemisphere 


Data from Subject 1 



0 


400 800 0 


400 800 


ms 


Amplitude of magnetic responses (n=12) 



ms 


Fig. 1 : Comparison between responses to the first and second words in the left and right hemispheres. 
Upper: superimposition of averaged evoked magnetic responses from 37 channels in Subject 1. Lower: 
The amplitude of magnetic responses averaged across 12 subjects. The amplitude was measured using the 
root mean squares (RMS) of the responses from 32-37 channels. 


Table 1 : The mean amplitude (fT) of the magnetic responses in the latency regions of 150-250 ms and of 
250-600 ms as functions of hemisphere and word type. The values are the mean (SD) of 12 subjects. 



150-250 ms 

250-600 ms 

Word type 

Left 

Right 

Left 

Right 

First 

61.8 (215) 

725(305) 

67.4(27.7) 

64.7(16.1) 

Second 

58.8(19.7) 

68.9(29.6) 

54.1 (18.6) 

54.9(14.6) 
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To localize the brain area related to the repetition effect on MEG, the multi-dipole source analyses were 
conducted. Only the data in which repetition effect was observed clearly in the amplitude of the responses were 
analyzed (both hemispheres, 6 subjects; right hemisphere, 2 subjects). The period analyzed were 150 or 200 ms in 
which the responses were reduced by the repetition. As a result, the models with %RV below 5% were obtained for four 
subjects in both hemispheres and for two subjects in the left hemisphere. In all of these subjects, similar sources were 
obtained between the first and second word data. We thus used the same set of sources to explain both the first and 
second word data. A source was estimated in the peri-Sylvian area in all subjects (left, 6; right 4), including the 
supramarginal gyrus and the posterior part of the superior temporal gyrus (Fig. 2). In five of the six subjects in the left 
hemisphere and all of the four subjects in the right, the source strength to the second words was less than 90% of that to 
the first words. The locations of other sources were different among subjects. These were the medial temporal lobe 
(MTL) (left, 2; right, 2), the angular gyrus (left 3, right 1), the posterior inferior temporal lobe (left, 1), and the occipital 
lobe (left, 1; right, 2). The reduction of the current strength was observed in the sources estimated in the bilateral MTLs 
and the left angular gyrus. 


Subject 2 Subject 3 



First 

Second 


Source Strength 


20 

nAm 


j OTv 


300 450 



Fig. 2 : Sources estimated in the left peri-Sylvian area. Data from Subjects 2 and 3. The lower part of the 
figure shows source strength estimated with BESA. The analyses were conducted in the latency regions 
between vertical lines. 


Discussion 

The brain area related to the word repetition effect was investigated using MEG. In both hemispheres, the 
magnetic responses to the second words were significantly smaller than those to the first words. This reduction was 
observed in the latency after 250 ms and not in the component of 150 to 250 ms. In light of the latency, the observed 
effect may be related to the processing of words, and not to the lower level of visual processing. 

The multi-dipole source analysis showed that the bilateral peri-Sylvian areas were activated by words, and these 
activities were reduced by repetition. Koyama et al. [8] reported that the left peri-Sylvian activity showed the priming 
effect. It is thus suggested that (1) the left peri-Sylvian area is involved in the process common to various word 
recognition tasks, and (2) the repetition and the priming in word recognition share the same neural substrates. The peri- 
Sylvian activity has also been found during a phonological matching of visually presented linguistic stimuli in studies 
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with MEG [9] and PET [10]. Such tasks are assumed to involve three different processing, (1) orthography-to- 
phonology translation, (2) access to the phonological representation of word (letter), and (3) maintenance of words in 
the phonological loop of working memory [11]. The lag of repetition used in this study (i.e., eight words) was too long 
to maintain words in the phonological loop. We therefore consider that the observed activity was not related to the 
phonological loop. PET studies have reported the activities in the left peri-Sylvian which was specific to speech stimuli 
[10,12,13]. Speech stimuli elicit phonological access but do not require orthography-to-phonology translation. We thus 
speculate that the left peri-Sylvian activities observed here were associated with the access to phonological word 
representation, and the activity in the right peri-Sylvian area possibly reflected a co-activation through the anatomical 
connection to the left homologue. 

This explanation is consistent with an influential account of the repetition effect based on Morton's logogen 
model [3]. Logogen is a theoretical unit that represents visual or auditory form of a word. Each logogen has a threshold 
of activation, and the repetition effect is explained to reflect the transient lowering of threshold in a recently activated 
logogen. Although Morton hypothesized that a visual word activates its orthographic logogen, recent studies of 
cognitive psychology have suggested that the phonological information is also used in visual word recognition [ 14]. We 
hence consider that the left peri-Sylvian area may be the neural substrates of the phonological logogen system, and its 
reduced activities reflected the lowered threshold in a logogen. 

In conclusion, we observed the activities in the bilateral peri-Sylvian areas during a word recognition task. These 
activities were reduced by stimulus repetition. It was hence suggested that the peri-Sylvian areas are related to the word 
repetition effect. 
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Introduction 

In order to examine the mechanisms of auditory memory, whole-head MEG data 
were recorded using a probe recognition task in which subjects were presented a series of 4 
tones and then required 3 seconds later to identify the serial position of a probe tone. It is 
hypothesized that evaluation of the probe tone involves at least four sequential steps: (l) 
primary sensation and identification, (2) storage, (3) recall, and (4) replay in a comparator. 

We have thus far conducted preliminary studies with four right-handed subjects. In 
all the subjects several components of the evoked response are discernible. Standard 
bilateral P50m and NIOOm components are identified in all cases. Immediately after the 
NIOOm, activity was seen in the right inferior frontal cortex, followed by activity in the 
region of the right posterior peri-sylvian region. This activity is then followed by a bilateral 
P200m response. Similar to mismatch negativity, the response to the probe, both before and 
at 200 ms is significantly different from that seen in a straightforward auditory evoked 
response. The current results suggest that mnemonic evaluation of auditory stimuli involves 
a complex interactive network involving temporal, frontal, and parietal regions. 

Methods 

SUBJECTS 

Four normal, right handed, consenting volunteers were used as subjects in this study. 
The subjects had varying degrees of musical experience, although none were professional 
musicians. 

STIMULI 

In each trial the stimulus consisted of a target and a probe pair (see Fig.l). The target 
was an ascending or descending four note sequence. The notes were 250 ms in length and 
were played without temporal separation between the notes. The pitch of the first note in the 
"scale” was between 1300 Hz and 2500 Hz, and successive notes ascended or descended by 
100 Hz intervals. There were 10 possible "scales", which were selected at random for each 
trial with a probability of 10% each. 



Target Probe 

Ascending or Descending 
4 Tone Scale 


Figure 1 . The experimental design included a four-tone target sequence and single tone 
probe from the target set 
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Following the last note in the scale there was a 3 second interval before the probe 
note was presented. The probe was identical to one of the four notes in the target scale. 


PROCEDURE 

Each subject listened twice to a sequence of 140 trials (target / probe pairs), once in 
the control condition, and once in the experimental condition. The order of control verses 
experimental conditions was randomly chosen. 

In the experimental condition each subject was asked to listen to the target carefully 
and commit this series of tones to memory. The subject was also instructed to match the 
following probe to its corresponding position (1, 2, 3, or 4) in the target. In a control 
condition using the identical sequence of stimuli the subject was instructed to listen to the 
probe, but ignore the target scale. 

Magnetic Source imaging was done by combining MEG performed on a Neuromag 
122 channel biomagnetometer (Neuromag, Helsinki, Finland) and MR imaging was done 
using a Picker Eclipse 1.5T imager (Picker, Cleveland, OH). Collection of the evoked 
magnetic signal was triggered by the probe tone, and a 1000 ms time span was collected, 
200 ms prior to probe onset, and 800 ms following. Approximately 35 averages were 
collected for each possible probe position in the target scale, 1, 2, 3, or 4 A collection filter 
of. 1 to 400 hz was used during collection. 

Analysis of the MEG data was done using software supplied by Neuromag. The 
analysis uses a single dipole model for the current dipole and a spherical head model. 
Evoked response from the experimental paradigm was analyzed using a procedure that 
involved using a sub-space projection of equivalent current dipoles (ECD) until only 
background noise remained, followed by multiple dipole analysis over limited time 
intervals. The co-registration of MEG data and MRI data was done using a protocol where 
three anatomical points (nasion, left periaricular, right periaricular) were digitized and 
incorporated in the MEG data and subsequently aligned with their respective positions on 
the anatomical MRI volume. 

Results 

In all but one subject, activity was seen predominantly in the right hemisphere. 
Three primary areas of activation were seen in the right hemisphere (see Fig. 2), grossly 
these areas were the primary auditory cortex, the inferior frontal gyrus, and the posterior 
rportion of the peri-sylvian region. The temporal characteristics of the evoked magnetic 
response were also very interesting. The initial activation was seen in the primary 
auditory cortex at approximately 50 ms (P50) and then again at a different location in 
primary auditory cortex a approximately 100 ms (N100). Following this activation, a 
dipole was seen in the inferior frontal gyrus, peaking at approximately 150 ms with a 
duration of approximately 50 ms. Following the 

activation in the frontal lobe was the activation in the posterior peri-sylvian region, 
peaking at 200 - 210 ms with a width of 50 ms. Finally at approximately 260 - 280 ms the 
primary auditory cortex was reactivated. It is worth noting that localization of the 
various components of the evoked magnetic response were not absolutely redundant 
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across the subjects, what was redundant was the “1) primary auditory cortex - 2) frontal 
lobe / parietal lobe - 3) primary auditory cortex sequence”. 

Right Hemisphere Processing 


Left Right 



Control 

Figure 2. An illustrative example of the evoked magnetic response comparing the 
averaged signal during the experimental task and the control task. This diagram shows 
the right-sided processing seen in all but one subject. The subject that demonstrated left¬ 
sided tonal processing exhibited right-sided language processing in a dichotic listening 
task. Note that the traces differ very little on the left side, but show a significant variance 
on the right side. 

Interestingly, one subject demonstrated activity in the left hemisphere rather than 
the right hemisphere. The activity had similar timing and morphology to the right 
hemisphere activity, but was smaller in amplitude. Source localization of the left 
hemisphere response was difficult due to a small signal to noise ratio. Using a dichotic 



Figure 3. An illustrative example of the positioning of the dipoles used to fit the evoked 
magnetic response. The sequence of activation generally followed the primary auditory 
cortex (black squares) - frontal lobe (black triangle) - parietal lobe (black dot)- primary 
auditory cortex (black square) sequence. 
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listening task (1), a right hemisphere dominance for language was found, suggesting that 
the processing of the tonal task was contralateral to that used in language processing. 

Discussion 

Processing of musical tones has been studied using a variety of methods including 
EEG, MEG, lesional studies, and behavioral studies. These studies suggest that the right 
hemisphere is critical to processing pitch and other components of music. Specifically, 
lesion patients have shown the anterior right hemisphere, right temporal lobe, and left 
Heschl’s gyrus are required to process and temporarily store melodic sequences (2,3). 
The results given in this report also support right hemisphere processing of tone patterns. 
With the singular results shown by the subject with right-side language processing it may 
be more correct to state melodic processing is actually contralateral to language 
processing. 

In-depth analysis of the data in the report suggest that not only is melodic 
processing confined to the hemisphere contralateral to language processing, but also to 
specific regions of this hemisphere. Both primary auditory cortices appear to be involved 
in the processing of the tone pattern. One hypothesis that has yet to be tested is that the 
primary cortices are intimately involved in the playback loop when a subject compares 
the probe to the memory resident target. The anterior right hemisphere is also seen to 
activate during the processing of the tone pattern. In 2 subjects activation was seen in the 
right inferior frontal gyrus, crudely homologous to Broca’s area in the left hemisphere. 
Additionally, the activation in 2 subjects in the posterior peri-sylvian region was seen to 
be crudely homologous to Wernicke’s area, or perhaps an auditory storage area. In 
general, regions of activation across subjects were variable. Nevertheless, the equivalent 
current dipoles localized to areas surrounding the inferior frontal gyrus and the posterior 
peri-sylvian region. This lack of precision is likely due to the relatively poor signal-to- 
noise ratio of the magnetic signal response components. 

In the future, experiments will begin looking more in depth as to the specific 
function of the areas seen in these first experiments. For instance, this includes requiring 
the subjects to give a response that can be used to calculate the number of correct verses 
incorrect responses, and thus gauge the adequacy of the subjects' understanding of the 
instructions, and level of participation in the experiment. It is also a curiosity to compare 
non-musicians with musicians with this task, as well as the laterality relation between 
musical and language processing. 
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Introduction 

It has been previously shown that theta activity often appears over the midfrontal cortex on the electroencephalogram 
(EEG) during various mental tasks (e.g. calculation, tracing a maze, imaging a scene or music, video games) in normal 
subjects. Such rhythmic activity was named frontal midline theta rhythm (Fm 6 ) [4]. TheFm 9 is a train of rhythmic 
waves of 6 - 7 Hz and occasionally lasts for more than several or ten-several seconds in a waxing and waning manner. 
Previous studies have suggested that theFm 6 appearance corresponds to the concentration of attention [2] [9]. Fm 9 
activity is observed when a continuous concentration of attention is required tp perform a task. Some source modeling 
efforts for Fm 6 done using MEG, have suggested that this signal arises from either a midline anterior source [3] or 
bilateral sources in dorsolateral frontal cortex [61, though the generation mechanism of a focal 9 rhythm on EEG has not 
been clarified yet. In this study, we extracted the magnetic field potentials that corresponded to Fm 9 rhythms on the 
EEG recordings and attempted to clarify neuronal sources of Fm 9 rhythms using those potentials associated with 
continuous concentration of attention. 

Methods 

Subjects: Four healthy volunteers (three males and one female) were subjected for analysis of the current source of 
Fm 9 . They had frequently showed Fm 9 in preliminary EEG test. They were healthy, right-handed volunteers (mean 
age 23 years old) and fully informed. 

Recordings: MEG and EEG activities were simultaneously recorded while subjects performed mental tasks. The 
magnetic field was measured with a 122-channel whole-head neuromagnetometer. EEG signals were collected from 
silver/silver chloride electrodes placed at locations Fpz, Fz, Cz, F3, andF4 and all electrodes were referred to the shorted 
right-left earlobes. Both the MEGs and the EEGs were digitized at a sampling frequency of 400Hz, filtered with a 
band-pass of 0.01-40 Hz and stored on a magneto-optical disk. 

Tasks: Subjects were required to perform continuous 4 mental tasks with 5 min resting periods in between. Tasks 
were (1) serial addition of 4 figures presented in front of the subjects, (2) successive subtraction of 7 from 100 (and 101-7, 
102-7), (3) recollection of Kanji characters of Japanese Prefectural names and (4) attention to their breath with very slow 
rhythm (3 sec inspiration and 7 sec expiration). 

Analysis: Raw MEG and EEG waves served for frequency analysis by FFT (Fast Fourier Transformation). 
Frequency analysis of MEG and EEG data were made for 20 sec recordings including the most appearing periods ofFm 
9 . The spontaneous signals of MEG and EEG were band-pass filtered at 0.1-20 Hz. Magnetic field potentials were 
averaged off-line every 180msec with respect to individual positive peaks of Fm 9 rhythm on FzEEG as a trigger point. 
Each average was computed from 100 waves of Fm 9 in each task. To identify sources underlying the measured signals, 
the signal distributions were modeled with equivalent current dipoles (ECDs). To locate sources of averaged theta signals, 
ECDs were found by a least-squares search to the original signals measured by a subset of 26-42 channels over the frontal 
areas. These ECDs were superimposed on the MR image. 

Results 

In all subjects (SA,SB,SC and SD), consecutive Fm 9 rhythms appeared maximally at Fz on EEG during each 
mental task. Overt theta rhythms were simultaneously observed only in a few MEG channels in the frontal and temporal 
region when Fm 9 rhythms have been appearing on EEG. In other MEG channels, discontinuous theta waves admixed 
with irregular waves with other frequencies. Fig. 1 shows examples of MEG and EEG recordings and the averaged 
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amplitude spectra in the range of 0 to 15 Hz in subjects SA and SB. Amplitude of EEG theta waves was very large in 
subjects S A and SC but low in subjects SB and SD. Contours of spectral amplitude for peak frequency of theta rhythms 
on MEG (6-7Hz) showed two patterns. Subjects SA, SC and SD displayed its localized distribution over the 
frontal-medial region and only subject SB dominantly showed its distribution over prefrontal region. 

After Off-line averaging, magnetic components related to theta rhythm on EEG were extracted in every tasks and 
subjects. In each subject, theta components appeared over the frontal-temporal MEG channels and no significant 
difference was noted in the wave form and in spatial distribution of the averaged theta components among 4 tasks (Fig.2). 
Magnetic field isocontours at the peaks of the EEG theta waves showed similar pattern in all subject. The magnetic flux 
emerged from the scalp over the frontal right side and entered the head on the frontal left side in the contour map at the 
positive peak of the EEG theta wave (Fig.3 (D, Fig.4 (D). The emergency and inflow of magnetic flux were reversed 
at the negative peak of the EEG theta wave (Fig.3 ®, Fig.4®). 

In subjects SB and SD, ECDs were found from a subset of 26-42 channels over the medial frontal areas containing 
a pair of dipolar distribution. ECDs with high g-value were found at 34-36msec and 110-120msec after the positive peak 
ofFm 0 wave (Fig.3,©and®). These ECDs with low activity were estimated in the frontal lobe underneath Fpz. While 
g-values were low at 1msec and 87msec (60-80%), ECDs with strong activity were estimated around medial regions of 
the prefrontal cortex in the area of the anterior cingulate cortex (ACC) (Fig.3,® and ®). 
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F i g. 1 MEG and EEG recordings in subjects S A and 
SB and the averaged amplitude spectra during additional 
task. Upper 3 lines are EEG recordings and the lower 
lines are frontal MEG recordings, respectively. A-I are 
sensors showed in the lowest figures . In MEG, the 
latitudinal and longitudinal derivatives of the magnetic 
field are shown at each measurement site (upper and 
lower curves in each pair, respectively). 
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Fig.2 MEG and EEG theta components averaged 
from 100 theta waves in 122 MEG sensors and 5 EEG 
electrodes. 4 lines in each channel show 4 tasks 
individually. 
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In subjects SA and SC, ECDs with high g-value were found at 0-5msec and 65-80msee after the positive and 
negative peaks of Fm 9 wave (Fig.4 (D and ®). At these times, ECDs showed strong activity and were localized near 
the interhemispheric surface of the medial area of the frontal lobe underneath Fz. Between these periods, similar ECDs 
were estimated in the frontal lobe underneath Fz, while the g-value was very low (Fig.4©and®). 


ACC source 


Discussion 

Wave form and distribution of MEG signal components synchronized with Fm 9 rhythm on EEG were insensitive 
to the type of information being processed Insensitivity to the type of mental task suggests that the extracted MEG 
components was responsible for the common situation rather than the specific processing activity that the subject was 
engaged in. 

The localized midline topographical 
distribution in MEG and EEG suggests that the 
frontal theta rhythm most likely arises from a 
compact, relatively superficial and medial source. In 
this study, in two subjects, equivalent dipole models 
for individual theta rhythms, registered with MR 
images, isolated the source for frontal theta activity 
to the region of the anterior cingulate cortex 
(Brodmann areas 24 and 32) and frontal-medial 
superficial cortex (Brodmann areas 8-10). These 
regions were alternatively activated at intervals of 
about 40msec. Above facts suggest that interactions 
of these two regions may be responsible for the 
appearance of Fm 9 rhythms. 

ACC is an important component of the human 
attentional system [5]. In human invasive studies, 
the ACC was found to be a source of cognition- 
related evoked potentials [1] [7]. Electrical 

stimulation of the human ACC has been noted to 
elicit a 3-8 Hz EEG rhythm in frontomedial 
recordings [8]. Recently Gevins et. al. [2] reported, 
using 115 channels EEG system, thatFm 9 dipole 
models were localized to the region of ACC. It has 
been reported that frontal cortex and ACC are 
mutually connected and make a neural network. The 
hypothesis that Fm 9 rhythm arises from 
interactions of an ACC source and a frontal cortex 
source, is consistent with these previous reports. 

In every subjects, one of ECDs was localized in 
superficial cortex of the mid-frontal lobe underneath 
Fz or Fpz. Strength of this superficial ECD reached 
a maximum at positive and negative peaks of EEG 
theta rhythms in subjects SA and SC, while at this 
time, ECD strength of superficial sources in 
subjects SB and SD, was very small but that of ACC 
sources was maximum and strong. These results 
suggest that the appearance of Fm 9 rhythms on 
EEG may reflect a composite of potentials from two 
different sources. If the dipole activity in superficial 
sources is strong, the EEG amplitude would be large 
(subject SA, Fig.l) and if that in deep sources is 



Cortex bo tree 


subject SB 


Fig.3 Source modelings in subject SB. The left 
topmost box illustrates the averaged Fz EEG signal. 
The lower boxes display modelings of sources in 
ACC and superficial cortex, respectively. Graphs of 
ECD strengths show the source strengths as a function 
of time. Graphs of goodness-of-fit shows g-values. 
Middle figures show contours on the helmet-shaped 
sensor viewed from front angle. Right figures show 
ECDs estimated on MRI at the time of (D@® and @ 
in the left graph. 
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strong, the EEG would be expected to produce a 
broad, low-amplitude voltage topography and the 
magnetic fields widely spread (such example was 
found in subject SB in Fig.l). 

Though an analysis of deep sources is difficult 
for magnetometer and the accuracy often shows low 
level, research for the relationship between frontal 
cortex and ACC using these invasive instruments 
will be needed for further understanding of the 
mechanisms of attention and cognition in human 
brain. 
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Fig.4 Source modelings in subject SA. The lower 
boxes display modelings of sources in superficial cortex. 
The lower boxes display modelings of sources in the 
superficial cortex. Right figures show ECDs estimated 
on MRI at the time of (D and © in the left graph. 
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Introduction 

There is considerable interest in the exploration of the mechanisms by which the shifting of 
attention allows control of cognitive processes [1, 2]. A part of this interest has focused on possible 
links between abnormalities in attention shifting and clinical deficits [3, 4, 5]. In this paper we explore 
whether MEG techniques can provide a neurophysiological explanation of the behavioural differences 
seen in well established experiments on the switching of visual attention [6, 7, 8]. The paradigm is 
framed in terms of overt and covert attention [9]. We report both behavioural and MEG data and 
indicate the most significant differences seen in the long-latency MEG dynamics. 

Method 

The study was carried out on 8 normal adult subjects (5 males including one left-handed, 3 
females; average age 37 years). All neuromagnetic measurements were carried out using a 122 channel 
MEG system (Neuromag-122™ [10]) with a sampling frequency of 373 Hz and a 130 Hz anti-aliasing 
filter. 

The visual attention shift paradigm used was that outlined by Posner [6]. Subjects viewed a 
screen onto which was projected a series of central visual cues and peripheral feedback prompts. The 
image pairs were separated by rest periods during which time there was a central fixation dot on the 
screen. Subjects were instructed to keep their heads still, to look at the fixation dot and to press the 
button immediately a prompt appeared. There was no explicit direction about movement of the eyes 
in the period when the fixation dot was not present. The inter stimulus interval was randomised to 
1.8 ± 0.3s. 

The cues, which were projected to the fixation point, were right pointing arrows (40%), left 
pointing arrows (40%), and non-directional horizontal bars (20%). The cues were displayed for either 
100ms or 800ms, with equal probability. These periods are believed to allow covert and overt attention 
shifting respectively [7]. At the end of this period, the cue disappeared and was replaced by a prompt 
for the subject to press a button under the index finger of their right hand. The feedback prompts, 
which were displayed for 800 ms, were small crosses placed at visual angles of ±6 deg, on a horizontal 
line through the fixation point. The probability that an arrow cue would correctly predict the position 
(to the right or left) of the subsequent cross was 0.75 (matching condition). Each experimental run 
consisted of a set of 100 cue-prompt pairs. Subjects undertook 2 separately randomised trial runs. 

The experiment was analysed in terms of the following six experimental conditions (listed 
together with the corresponding number of epochs); matching 100 ms (60 epochs), matching 800ms 
(60), mismatching 100ms (20), mismatching800ms (20), neutral 100ms (20) and neutral 800ms (20). 

After rejection of epochs contaminated by either excessive EOG artefacts or channel noise, 
standard averaging techniques were used to calculate both individual and grand mean evoked MEG 
responses for the period following the peripheral cue (defined as t = 0). After averaging, the data was 
band-pass filtered between 0.6 and 45 Hz and the evoked responses referred to a baseline computed 
as the mean of the -200 ms to 0 ms interval. It should be noted that there were very few examples of 
significant horizontal EOG activity. 

Results 

The means and standard deviations of the pooled reaction time data for all subjects are shown 
as a function of condition in Fig. 1. Reaction times of less than 120 ms were excluded from these 
calculations in order to avoid epochs in which there was anticipation of the prompt. There are 
significant differences between the match and mismatch categories for both 100ms (p < 0.025) and 
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Figure 1: Grand mean reaction times together with the associated standard deviations 


800ms cue times (p < 0.01). In addition, there are significant differences between the 100ms and the 
800 ms data for both the matching (p « 0) and mismatching (p < 0.00025) conditions. 

Visual inspection of the individual subject MEG data failed to reveal befiaviour that was con¬ 
sistent across the subject group. The relatively small number of epochs available in the mismatch 
conditions tended to lead to noise levels that obscured the detail of individual behaviour. We will 
report here only grand-mean responses. 

A) 




time [ms] 

Figure 2: 

100 ms presentation, a) The helmet magnetometer. Visually identifiable differences between 
the grand-mean responses to matching and mismatching prompts occur at the marked po¬ 
sitions for the 100 ms cues in the latency range 320-440 ms. b) The signals from a detector 
at the site marked by the asterisk. Solid-mismatch. Dotted-match. 


In these data, there is little evidence for systematic differences between the match and mismatch 
conditions at early latencies. However, cues of 100 ms duration are accompanied by signal differences 
between the responses in the matching and mismatching conditions in the latency range 320-440 ms. 
The differences are widely distributed, predominantly over the left hemisphere (Fig. 2). In contrast, 
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Figure 3: 

800ms presentation, a) Visually identifiable differences between the grand-mean responses 
to matching and mismatching prompts occur at the marked positions for the 800 ms cues 
in the latency range 270-360 ms. b) The signals from a detector at the site marked by the 
asterisk. Solid-mismatch. Dotted-match. 


800 ms cue presentations lead to visually identifiable signal differences that are mainly located over 
the right-hemisphere (Fig. 3) and are earlier, in the latency range 270-360ms. 

Discussion 

The reaction time data is essentially consistent with previous studies [7], i.e. there is an ad¬ 
vantage in the use of both longer duration and matching (i.e. correct) cues, although the methods 
of analysis used were somewhat different. However, the absence of significant levels of horizontal 
EOG activity does suggest that any overt (or endogeneous) switching of attention associated with the 
800 ms cue duration must have been achieved without eye or head movement. 

We have no simple explanation of the distinct morphologies and timings of the differences 
between the responses to prompts following correct and incorrect cues. The ~ 300 ms and ~ 400 ms 
latencies are typically observed in paradigms involving attention and arousal (see for example [11]). 
Right lateralisation and the 300 ms latency are consistent with sites implicated in the modulation of 
attention. The later 400ms differences that accompany the 100ms duration cues involve areas that 
are known to respond to unexpected stimuli within a defined, often semantic, context. It might be 
argued that our stimulus set, involving a limited number of cue-prompt pairs, has a grammar that 
allows the involvement of automatic semantic pathways. This form of processing may be displaced by 
more overt processes when there is a longer cue duration. The links between P3, N4 and semantics 
are of present interest [12]. 

Although further work is required to clarify the neurodynamics, the MEG technique has re¬ 
vealed gross differences in the neural processes operating in this established attention shift paradigm 
and has demonstrated that it may well provide useful insights into clinical populations. 
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Introduction 

The ability to identify, recognise and interpret faces is crucial to the social functioning of 
primates in general and humans in particular. Therefore, it is not surprising that recent electro- 
physiological studies have suggested that dedicated neural systems are associated with the processing 
of face images in humans (e.g. [1,2,3]). Such conclusions are supported by functional imaging and 
behavioural data [4]. This paper reports a study of the relationship between the brain’s responses 
to images of faces and the pre-stimulus activity. Brain activity during a simple face identification 
task was observed using magnetoencephalography MEG. The face stimuli were regarded a-priori as 
forming a homogeneous group but, subsequent to the experiment, were classified on the basis of a 
nonlinear analysis of the dynamics of the pre-stimulus activity. Face stimuli were chosen because of 
previous observations of the modulation of face responses by pre-stimulus behaviour and because the 
early latency face-specific responses are well characterised. 

Methods 

6 normal volunteers were presented with a randomised sequence of 30 faces (i.e. Caucasian 
adults viewed from the front) and non-face images (i.e animals and motor bikes). The images, which 
used a 256 level grey scale and were separated by long randomised intervals in order to provide the 
data for the analysis of pre-stimulus states (Figure 1), subtended approximately 6° by 8° at the eye. 
The task required the subjects to press a key under the right index finger when a face appeared and 
a key under the right middle finger when a non-face image appeared. The brain’s magnetic field was 
monitored continuously at a sampling rate of 373 Hz with a whole-head MEG system (Neuromag- 
122 tm , [5]). The reaction times were recorded. 

The analysis was restricted to face stimuli and, because of the heavy computational load, 
only right occipital, inferior parietal, and temporal regions were considered. These are the regions 
where face-specific activity is most prominent. Pre-stimulus activity was analysed in terms of epochs 
comprising the 5 s prior to each face stimulus (defined as t = 0). The epochs were corrected to zero 
mean, but otherwise unfiltered before analysis. 

For each subject and detector site, the 30 epochs were classified either as being deterministic 
(D) or rejected (R). In order to be classified as deterministic, the activity during an epoch held to meet 
two criteria. Firstly, it must exhibit stationarity, as evidenced by a bounded autocorrelation function 
[ 6 ], 

The second criterion was framed in terms of the reconstruction of the pre-stimulus signal in 
an embedded space. Two simultaneous independent readings are provided by the MEG system at 
each site. In order to increase the number of points available in the reconstructed space, 2-vector 
embedding was utilised instead of the conventional scalar embedding, according to the rule [7]: 

Xj = [Sj,5j + L,Sj-|-2L,-..,S > 7+(m-l)L] J j = 1, . . ., N t - (m - l)L 

where N t denotes the length of the time series and Sj G V ?. The embedding lag L was estimated as the 
first zero-crossing of the trace of the 2-vector signal’s variance matrix, and values between 1 and 8 for m 
were considered (i.e. dimensions between 2 and 16 of the reconstructed space). With this scheme, the 
second criterion, which corresponds to a requirement that the signal exhibits determinism, is evidenced 
by the time-delay embedded epochs having a translation error [8] that is significantly greater than 
that of noise. The translation error is assessed in terms of a measure TRE which converts an epoch 
into a positive number which increases as the dynamic behaviour becomes less governed by noise. 
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100 ms 



Face or other image 

Figure 1: One cycle of the face identification experiment. 


Each epoch’s TRE was compared with the mean obtained from 30 surrogate replications of the epoch 
(generated from the amplitude adjusted Fourier transform [9]) using a standard directional z-score 
statistic with a threshold of p < 0.05. The second criterion was assumed to hold if a significant 
difference between the original and surrogate TREs was found for all embedding dimensions sufficient 
for faithful embedding [10]. 

After classification into D and R epochs, the two sets of associated post-stimulus data were 
separately averaged after filtering (0.8 to 48 Hz) and baseline correction (-200 to 0 ms). 

Results 

All 6 subjects accomplished the task without errors. Strong, face-specific responses at early 
latency (psl50ms) were observed over right inferior occipito-temporal cortex, consistent with a previ¬ 
ous study [3]. In general, evoked activity above baseline level was observed up to latencies of about 
600 ms. 

Of the 1980 epochs studied (6 subjects x 11 detector sites x 30 stimuli), 307 passed the first 
criterion and 131 passed the second and were therefore classified as deterministic D. For each subject 
the site having the maximum number of D epochs was chosen for further analysis. In each case, there 
was a sufficient number of D epochs to calculate a reasonably robust evoked response, i.e. there were 
more than 6 deterministic epochs. 

The power of the average evoked response was calculated as a function of latency for these six 
sites for both the D and R epochs (Figure 2). The local power is defined as the sum of the squared 
readings obtained frbm the two channels at a given site. The differences between the D and R power 
curves were assessed using a measure we termed the normalised power dissimilarity. It is defined as 
ND = pg~pg where Pr and Pd denote the local powers corresponding to the R and D epochs at 
a given site and point in time. A negative ND indicates that the D epochs have less power than R 
epochs and vice versa. 

The most significant differences between the selective averages of the D and R classes occurred 
in the latency range 360 to 560 ms, peaking around 480 ms. Within this period, the D responses were 
characterised by less power than R responses. At earlier latencies, notably around the peak of the 
face specific activity, the differences in the power curves are not statistically significant (Figure 3). 
Attempts to duplicate the statistically significant modulation of late components using pre-stimulus 
power classification or behavioural measures were unsuccessful, an observation that lends credence to 
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Figure 2: Left: Local power waveforms for one subject corresponding to the classification into 17 D 
and 13 R epochs. The waveform corresponding to the evoked response based on all 30 epochs is also 
shown. Right: the sites for the six subjects associated with the maximum number of D epochs. They 
cluster within a small region over inferior temporal cortex. The multiplicity is denoted by the number 
of slashes. 


the neurophysiological relevance of the nonlinear classification carried out [11,12]. 

Discussion 

The results suggest that the late components associated with face processing are modulated 
by activity preceding the stimulus. The existence of such modulation and of relevant histories are 
ignored when using traditional averaging of all epochs. Different histories may be distinguished by 
non-linear analysis of the neural dynamics in the time span preceeding the stimulus. In this context it 
should be noted that the observation of an MEG signals reflects the existence of neural activity that 
is correlated across many neurons in time and space. 

There is some similarity between the observed dependence of the late components on pre- 
stimulus state and the modulation of N400-like components seen in experiments on semantic match¬ 
ing of faces [13,14]. In such studies, a reduction in amplitude of components around 400 ms has been 
observed when the face stimulus matched a context set by the previous images. It is concluded that 
certain pre-stimulus states of ’expectation’ might exist which act as an endogenous priming template 
for incoming face information within an experiment which does not provide exogeneous priming in¬ 
formation. 
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Figure 3: Cohort mean and standard deviation of the normalised power dissimilarity as a function 
of time. The interval containing significant dissimilarities is denoted by the two vertical lines. The 
highest significance occurs at ^480 ms and is indicated by the arrow. 
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Introduction 

This paper addresses two issues that are matters of current debate; the dissociation of semantic 
processes into distinct functional stages [1], and the role that 7-band activity might play in cognitive 
function [2]. A recent magnetoencephalographic MEG study has reported that lexical processing of 
words is accompanied by changes in 7-band power [3]. This suggests that measures based on gamma 
band activity may serve as a means of dissecting processing networks. Here, we consider the coherence 
or phase-locking of oscillations in the 7-band in the context of the processing of sentences. We have 
used MEG to investigate an established paradigm in which the responses to semantically incongruous 
words at the end of syntactically correct sentences are compared to the responses to congruous control 
words [4][5][6]. The dynamics of the neural activity are studied in both the time domain, i.e. in the 
form of conventional evoked responses, and in the time-frequency domain, where transient oscillations 
are sought and characterised. 

Methods 

9 normal subjects viewed words presented sequentially to form 100 syntactically correct sen¬ 
tences. 50 of the sentences ended with a semantically congruous (C) noun, and 50 sentences with 
a noun that produced a semantic incongruity (I). Each sentence was followed after 1.2 s by a target 

word which was either a repeat of a word in the sentence or a new word, followed by a visual cue 

which prompted the subject to confirm or deny a repeated target by pressing a key, e.g. 

C: The cut was so deep she had to go to hospital. cut (cue) 

I: He bought a pint of milk and a dozen gnomes. whale (cue) 

The words were presented as grey scale images subtending angles of 6° and 1.2° at the eye (200 ms 
display, 550ms separation). The brain’s magnetic field was monitored with a 122 channel MEG system 
(Neuromag-122™, [7]) with a sampling rate of 373 Hz and a 130 Hz anti-aliasing filter. 

The analysis was restricted to the 1.2 s periods following the appearance of the final words of 
the sentence on the screen (defined as t = 0). Standard averaging techniques were used to calculate 
individual evoked fields and grand-mean evoked responses. The evoked responses were bandpass 
filtered between 0.8 and 48 Hz and referred to a baseline computed as the mean of the -200 to 0 ms 
interval. 

A time-frequency analysis for frequencies between 20 and 45 Hz was performed using a Gabor 
transform [8] applied to the individual epochs s(<): 

c(t,f) = /K r s(t')e- i2 l 'l t 'M 

J — OO 

with K, the parameter defining the width of the wavelet, chosen to be 8. The value of K determines 
the resolution in time and frequency according to = K/2wf and 07 = f/K. For the Gabor analysis, 
all epochs were corrected to zero-mean without any further filtering. For each of the 61 detector sites, 
a measure of the synchronous 7-band activity SY = A- || c »(*>/)|| was calculated for the two 

types (C or I) of final word. In this context, synchronous means phase-locked to stimulus onset. As 
both detector outputs were used, there were N e = 2 x 50 epochs in each case. Finally, differences 
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between the measures SY corresponding to C and I events were assessed by a statistic based on the 
common T-test. For the computation, standard errors of SY were estimated by an epoch re-sampling 
technique using 120 replications [9]. This process yielded 549 (9 subjects x 61 detector sites) Gabor 
statistical maps indicating, in the (t,/)-plane, the significance of differences in the degree of phase 
locking with respect to the stimulus of the transient gamma band responses. 





Figure 1: Upper: The helmet-shaped array of detectors with the sites (denoted by N) where the 
grand mean C and I evoked responses differ significantly around 400 ms alter stimulus onset. Lower: 
Examples of C and I grand mean waveforms detected in two channels (indicated by N,) over the left 
and right hemispheres. 


Results 

All 9 subjects accomplished the task with negligibly few errors. Differences were found consis¬ 
tently between the responses to C and I stimuli for all subjects around a latency of 450 ms. This was 
most evident in grand-means, where a complex distribution of significant differences between cohort 
waveforms was observed bilaterally, though predominantly over left temporal and prefrontal regions 
(Figure 1). The result is broadly consistent with N400(m) components following semantic violations 
observed in previous electrophysiological studies [ 6 ] [ 10 ] [ 11 ]. 

Examination of the Gabor statistical maps provided evidence of significant differences between 
the phase locking of the C and I 7 -band responses for all subjects and sites. Figure 2 provides illus¬ 
trations of maps in which there is significant phase-locking to the incongruous stimuli (Figure 2). The 
patterns of incidence of such phase-locking events are complex. However, at high levels of significance 
(p< 0 . 01 ), there is a remarkably inhomogeneous distribution of the phase-locked oscillations in time. 
This comprises the central observation of this paper. Phase-locked 7 -band activity following I stimuli 
is found at early latency around 250 ms and at long latency (> 500 ms), but is suppressed during the 
N400(m) window (Figure 3). The long latency phase-locked oscillations were found bilaterally over 
temporal and lateral parietal regions, and over left frontal cortical areas. The early latency phase- 
locked oscillations were homogeneously distributed over all regions. 



Right 
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Figure 2: Left: Two examples of Gabor statistical maps (different subjects] indicating the significance 
of the hypothesis that 7 -band activity is significantly more phase-locked wnen following I stimuli than 
when following C stimuli. Adjacent time-frequency points of significant phase-locking form separated 
and identifiable clusters (regions) in the Gabor planes. Right: The sites corresponding to the two 
maps. 


Discussion 

The main observation is long latency coherent 7 -band activity which is detectable in the statistic 
of the individual responses and is associated with semantic incongruity. The degree of phase-locking 
implies storage of time information to an accuracy of less than half a period of the 7 -oscillation, i.e. 
«14ms for a typical frequency. The need to reconcile this observation with the inter-trial variability 
of the stimuli (i.e. small variations in word and sentence length) suggests that the timing information 
is retained separately from the main networks involved in the semantic processing. 

The enhanced coherence at latencies around 250 ms is consistent with sharply-peaked event- 
related signals. The period during the N400(m) deflection is marked by a low probability of phase 
coherence over all cortical regions. This anti-correlation might indicate the unfolding of a sequence of 
semantic processing stages, with the post-N400 transient oscillations constituting the synchronisation 
of a new network triggered by the N400(m) system. 

It is suggested that information about semantic systems is available from the analysis of phase 
coherence of gamma band oscillations as well as from oscillatory power and evoked response data. 
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Figure 3: Upper: The locations within the time-frequency plane of all clusters of significantly increased 
phase-locking of the responses to I stimuli compared with C stimuli (p < 0.01). The graph includes 
data from all subjects and sites (i.e. 549 maps, see Figure 2). Each cluster has been identified by 
its point ( t,f) of highest significance. Lower: An example of one of the six significant grand-mean 
N400(m) waveforms. This analysis has been restricted to latencies >100 ms in order to avoid overlap 
with 7 -band activity associated with the preceding stimulus. 
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Introduction 

Contingent negative variation (CNV) is a surface-negative slow electrical potential generated in the time interval 
between a warning (SI) and an imperative (S2) stimuli. In general, the activity evoked by the two or successive (warning 
and imperative) stimuli differ when the subject is asked to make (GO) or withhold (NOGO) a movement [1]. This dif¬ 
ference is enhanced when a reward or punishment is given following correct or wrong motor responses respectively. It 
has been reported by several authors [2,3] that the performance of a GO/NOGO discrimination task changes in 
pathology. For many subjects, when the two stimuli are separated by a period of two seconds or more the CNV sepa¬ 
rates into two or more slow components. The first slow component is refered to as the early CMV, which begins at 300- 
500 ms after SI and it is usually over in just one second or less. The second slow component, called late CMV begins 
1.5 to 2 seconds before S2 and grows strong in the 200 to 300 milliseconds prior to S2. Studies with intra-cranial elec¬ 
trodes, in both man and animals, have demonstrated that multiple cortical as well as deeper.brain areas are involved in 
the CNV generation. In these studies however only the activity in the very local area where electrodes were placed could 
be identified; in the case of human studies this is of course dictated by purely clinical considerations. 

The present study uses the magnetic counterpart of the CNV, the contingent magnetic variation (CMV) with sensor 
placement optimal for identifying activity from the auditory cortices; the sensor placement also allows us to estimate 
activity in the left and right motor cortex and to a lesser extend more frontal and parietal areas. The contribution of the 
auditory and motor cortex to the early and late CMV were examined using Magnetic field tomography (MFT) [4,5]. 

We have encountered large inter-subject variability. Looking across subjects, strong contributions from the auditory and 
motor cortex could be identified for both the early and late CMV components. In some subjects the auditory cortex 
activity was stronger during the early CMV for both GO and NOGO conditions. In contrast, the motor cortex activity 
was often stronger during the S2 period, and for some subject significantly so only on the contralateral hemisphere. 


Methods 

Five healthy male volunteers (BC, DB, FB, JD, RB; age: 32.7 ± 8.5; 4 right handed and one left handed) 
participated in the MEG experiment. Four conditions (left/right ear presentation and left/right index finger (no) 
movement) devided the long experiment into 4 runs with intervening pauses, where each run lasted for about 11 
minutes. For convenience we will use a four label code to distinguish between the 4 runs: the first index refers to 
left/right ear presentation and the second index refers to left/right index finger; for example the combination LR means: 
left ear presentation and right index finger (no) movement. We presented auditory stimuli in blocked conditions but 
randomly interleaved 30 GO and 30 NOGO trials within each block (ISI 10.8 s ± 2 s), whereas 1 kHz tones indicated a 
NOGO and 2 kHz tones a GO condition. Each tone was delivered 40 dB above the individual hearing threshold. The 
time constant between the warning tone SI (250 ms) and the imperative stimuli S2 (270 ms) was chosen to be 3.5 s (Fig. 
1) to separate out the early and late CMV components. In the time window of S2 a rapid button press response was 
required to avoid a 250 ms unpleasant tone burst of white noise delivered with 95 dB through the headphones. The 
subjects were requested to keep their eyes open and to fixate on a cross-hair placed one meter away. The data were 
collected using the BTi twin MAGNES system which consists of two dewar, each comprising 37 first order axial 
gradiometer channels. The experiment was performed in a magnetically shielded room with lateral placement of either 

probes over the left and right side of the head. The positioning 
of each probe was repeated until the auditory Ml00 peak was 
captured with its positive and negative field extrema on either 
side. The MEG signal was continuously recorded with a 
sampling rate of 1042 Hz and a bandwidth from DC-400 Hz. A 
fibre optic finger movement detection device was used to record 
the finger movement. The output from the button press device 
and separate EOG, ECG and EMG channels were recorded 
continuously and in synchrony with the MEG channels. 


tone 

SI 


tone 

S2 


next 

SI 


preparation 


MOOas-tttOOas 


1 ... 


Fig. 1: GO/NOGO task paradigm. 


For further analysis the data were low-pass filtered from DC-20 Hz to study the slow components as well as bandpass 
filtered from 3-20 Hz for the evoked-like activity. After separation between correct GO and NOGO trials, separate aver- 
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ages were constructed both time-locked to the onset of the warning stimulus (tone averages) and the onset of the TTL 
signal of the button press device (button press averages). Magnetic field tomography (MFT) which computes the non- 
silent primary current density J P (r,t) [4] was applied to averaged data separately for the left and right hemisphere to ex¬ 
tract time courses of activations. Separate computation were performed for each hemisphere. In each case the source 
space Q (i.e., a 3-D region of space where J P (r,t) was allowed to be non-zero) was a spherical segment that fitted the 
entire hemisphere. The reconstructed current densities will be displayed on the background anatomy as grey level inten¬ 
sity (P(r,t) = IJ P (r,t)l 2 ). Smoothed integrals of intensity, A(t,At), in a region of interest (ROI), are defined by, 

‘■4 -(r-r*V 

A K0/ (t,At)= Jdt’ JP(r,t’)e * d’r (1) 

ROI 

The ROI is spherical centred around a point r 0 R01 , the Gaussian factor controlling how points far away from the centre 
of the ROI contribute. 

In this study we focus on the dynamic of the strongest superficial activations, defined on functional criteria (strongest 
activity identified by MFT). These functionally defined ROIs were projected onto the individual subject’s MRIs; the lo¬ 
cation of ROIs corresponding to the auditory and motor cortex was identified in both hemispheres in all subjects. ROIs 
in the left dorso-lateral prefrontal area and superior parietal areas were also identified in all subjects. Time courses of 
each ROI were calculated for both low-pass and band-pass filtered data. Latencies of peak activity was computed for 
bandpass filtered data in the auditory and motor cortex and the mean and standard deviation across subjects was calcu¬ 
lated. 


Results 

Across subjects the correct response were 27.2 (> 90%) for GO trials and 30.0 (100%) for NOGO trials during 
the CMV experiment. In comparison to the averaged NOGO trials, a clearly distinguishable slow magnetic field change 
(Fig. 2) has been found in the averaged GO trials (tone averages) in all 5 subjects with a maximum field amplitude 
varying from 150-450 fT among the subjects. 


DB RR-G0 



Fig. 2: CMV signal plot of one subject showing the averaged signal 
for GO and NOGO trials (30 trials for each case). All channels 
from the left side (dark traces) and right side (light traces) are su¬ 
perimposed. 


AC 


MC 


PSP 


DLPF 


Fig. 3: Instantaneous MFT reconstructions show¬ 
ing the power of the current density distribution 
in four different brain areas of the same subject. 
Strong activity were identified in all five subjects 
during the CMV experiment. 



MFT identified in all subjects activity in the region of the auditory cortex (AC), motor cortex and sensimotor cortex 
(MC), dorso-lateral prefrontal area (DLPF) and posterior superior parietal (PSP) area (Fig. 3). The periods of activa¬ 
tions in the AC and MC region were consistent across subjects, but the ones from the DLPF and PSP were highly vari¬ 
able among subjects. We will consider only the AC and MC activations in the remainder of this paper. 


Low frequency analysis 

The CMV components can only be seen in the DC-20 Hz data. Figure 4a and 4b show for a single subject (DB) 
in all conditions the time courses for the ROIs in the AC and MC as extracted by MFT analysis of the (tone) average 
DC-20 Hz signal. Fig. 4a (MC ROI) shows a clear late CMV component in all GO task cases, with onset of about 2 
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seconds before S2. Because of some low frequency noise contamination in data of two subjects, a clear signal was only 
seen in three out of five subjects (DB, JD, RB), whereas for subject JD and RB the contralateral side was more 
prominent in showing the slow increasing shift (subject DB is left handed !). 

Fig. 4b shows for one subject a priming after SI in the region of AC for both the ipsi- and the contralateral side of the 
brain, but only in the case of a GO condition the activity remains high through the late CMV. We found similar be¬ 
haviour in the data of the other two subjects (JD, RB). In all four conditions of subject RB, the priming of AC was also 
evident soon after SI and remained high in the GO task, whereas in two conditions (RR, RL) of subject JD the AC 
activity did not remain high, but decreases down to same level of the NOGO trace. 


MC ROI 



Fig. 4a: Time courses of the MC region for both GO 
and NOGO conditions, of one subject (DB). 



Fig. 4b: Time courses of the AC region for both GO 
and NOGO conditions, of one subject (DB). 


Evoked like responses 

Table 1, summarises the peak latencies in the auditory cortex ROI activations extracted from tone averaged 
signals. Separate entries are used for the GO and NOGO condition and for ipsi- and contralateral (ear stimulation) but 
averaged across the remaining conditions and across subjects. Entries are placed for two latency ranges (50-80 ms) and 
(90-140 ms) and separately for the SI and S2. The standard deviation is low (4-11 ms) showing that the grouping 
employed in the table reflects the overall organisation of the auditory response. In addition to the well known Ml00 
peak, we note an early AC activation around 60 (70) ms after SI on the contralateral (ipsilateral) side. This component 
is present a few ms earlier after S2, at 54 and 65 ms in the contra-ipsi side respectively. 

Table 1: Mean peak latencies (averaged across subjects) calculated for different time intervals, (a) AC peak latencies 
extracted from tone-average signal, (b) MC peak latencies extracted from button-press-average signal. In both cases, 
band-pass filtered (3-20 Hz) signals were used. In (a) ipsi-and-contra refer to the ear of tone presentation, whereas for 
(b) the reference is to the finger movement. The strength shown in (b) is expressed as the mean strength normalised to 
the strongest contralateral response for each subject after S2. 


a) tone averages_SI_S2 


mean peak latencies [ms] 
range 

ipsilateral 
lat. 1 stddev 

contralateral 
lat. 1 stddev 

range 

ipsilateral 
lat. 1 stddev 

contralateral 
lat. 1 stddev 
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70 

4 

59 

4 
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5 

59 

3 

" 

56 

7 
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b) button press averages __ 

mean peak latencies [ms] ipsilateral contralateral 

_range lat. 1 stddev I strength I stddev_lat. 1 stddev I strength 1 stddev 

MC GO -150-0 -53 43 0.31 0.34 -53 36 0.38 0.29 

MC GO 1 - 150 75 42 0.30 0.29 70 39 0.46 0.38 

The activation in the MC ROI from the tone based averages exhibits peaks which in general follow the ones in the AC 
ROI by about 10 to 20 ms, including an early activation around 75 ms after SI. These activations are not discussed fur¬ 
ther because the finger (no) movement laterality is not incorporated in the framework. We show instead the main MC 
activations with respect to the button press (defined for the GO condition only). The MFT analysis of the button press 
based averages shows peaks in the MC ROI at ~50 ms before and a main peak at -70 ms after the onset of the button 
press. The peak latencies are very similar for the ipsi and contra response, but, as expected the contralateral response is 
considerably stronger. 

Discussion 

In an earlier study [6] with just two subjects, only one 37 channel probe in one condition (RR) and with just one 
placement over the left (contralateral) auditory cortex a clear slow shift was identified for the GO relative to the NOGO 
condition in both subjects. The slow shift was different in the two subjects, extending over the early and late CMV in 
one, but only over the late CMV in the other. The main finding in this work, with more subjects and simultaneous 
coverage of left and right hemispheres confirms the auditory cortex priming. Our results also indicate that this priming is 
robust in general terms, but variable in detail, even within the same subject for different conditions. In retrospect an 
early priming in the auditory cortex is natural: this is where the imperative stimulus is processed and this is where the 
earliest analysis must be made. The fast responses are seen in the 3-30 Hz filtered data, where a very early response is 
seen in the auditory cortex, well before the onset of the Ml00. This early response depends on condition and it is fastest 
(near 51 ms) on the contralateral side, after S2 in the GO condition, i.e. when speed of processing is at a premium (to 
avoid the punishment tone). An early response is also seen in the MC, at a time consistent with information flow from 
the AC to the MC within one or two synapses. The button press averages resemble, but they can in no way be considered 
identical to the responses to voluntary finger movements. With such analogy in mind the pre-button press peak will be 
within the motor field (MF) pre-movement period, while the peak after will correspond to the first component of what is 
termed Motor evoked field (MEF I) [7]. 

In general the low frequency data are broadly consistent with an AC priming after SI ( as part of the early CMV com¬ 
plex) while the MC is primed before S2 (as part of the late CMV complex). The priming after SI can be seen in both 
GO (ready for action) and NOGO (movement inhibition), but priming extending in the late CMV persists mostly in the 
GO condition. We stress that our emphasis on the auditory cortex and motor cortex reflects the limited view provided by 
the sensor arrangement. We have identified activity in many other areas, but we defer the discussion of these regions to 
the analysis of data from full head systems. The evidence provided so far demonstrates that both the auditory and motor 
cortex are key players in the generation of the fast and slow responses associated with the planning, inhibition and exe¬ 
cution of movement, but only as members of a wider system which is yet to be explored. 
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Introduction 

Neural activity related to the orthographic, phonological, and lexico-semantic processes has been reported previously 
[l]-[2]; however, the results varied among the references [3]. In this report, we measured spatio-temporal activity with 
functional magnetic resonance imaging (fMRI) and magnetoencephalography (MEG), using single and strings of real- or 
pseudo-characters which varied the load for each process differentially. 


Methods 

Subjects were visually presented with single Japanese katakana characters, pseudo-characters that were made by 
deforming katakana characters, or strings of real- or pseudo-characters, and were required to perform visual-form, 
phonological, and lexico-semantic judgments (Fig. 1). They answered by pressing one of two buttons with the left index 


Stimulus. 

Process 

Judament fMR MEG 


Line 

( - , i > 

Simple feature 

horizontal? 

o 


Pseudo-char 





< a , > > 

F 

horizontal line? 

-1 O 

Single 

Real-char 



1 



F + P 

vowel [a]? 

J o 


Pseudo-char 





( J-J , AnI', ) 

Real-char 

F' 

horizontal line? 

1 

String 

F* + P' + S 

noun 

J o 

( T =L . * jfx x ) 



/meaningless? 



Real-char 

J*9^ , U- ) 

F' + P 1 

vowel [a]? 



Fig. t. Visual stimuli, neural processes, required judgments, pairs of tasks contrasted in fMRI experiments (brackets), 
and tasks used in MEG experiments (circles). The symbols represent the visual-form (F) and phonological (P) processes for 
single real- or pseudo-characters, the same processes for strings (F' and P'), and the lexico-semantic process (S). 


(fMRI) 

The visual stimuli were presented below a square (a fixation mark) every two seconds with a duration of one second. 
Luminance was 15 ccVm 2 for the stimulus and 0.5 ccVm 2 for the background, and visual angle was 1.3 degrees for one 
character and 0.3 degrees for the fixation mark. 120 scans of echo-planar imaging were taken using a Siemens 1.5T MRI 
system. Sixteen axial slices taken for each scan (every four seconds) covered the subject's whole head with slice thicknesses 
of 7 mm, spacingsof 2.8 mm, and pixels of 2.19 x 2.19 mm. Seven or five subjects participated in the five experiments, 
which contrasted two tasks as shown by brackets in Fig. 1. 

The images were processed with motion-correction software (Air 3.0) and a cross-correlation method to extract active 
pixels that showed a significant difference between two conditions (p<10 4 ). Pixels with irregular time courses were 
neglected. Further, we neglected pixels that showed a signal change of more than 5 %, i.e., beyond the value expected from 
the blood-oxygenation-level-dcpendent effect fora 1.5-T magnetic field [4], because large signals have been thought to arise 
from a perfusion effect of venules and vessels which may show a signal change at a location very different from the 
activation foci. 

We focused on areas in which more than half of the subjects showed active pixels. The relative number of active pixels, 
defined as the number of active pixels in the relevant area divided by the total number of active pixels for each subject, was 
used to evaluate the magnitude of activation. Analysis of variance was used to judge lateralization. 
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(MEG) 

A BTi 148-channel whole-head system was used to record MEG signals in a frequency bandwidth of 1 to 40 Hz. Four 
subjects participated in each of the four experiments denoted by circles in Fig. 1. The visual stimuli were presented with a 
duration of one second and a randomized interstimulus-interval (ISI) of 2 to 3 seconds. Luminance was 320 cckm 2 for the 
stimulus and 2 cd/m 2 for the background, and visual angle was 1.6 degrees for one character and 0.4 degrees for the fixation 
mark. Magnetic signals were measured repeatedly for 200 epochs and averaged to reduce noise. Although multi-dipole 
algorithms have been developed by many researchers [5], we used the conventional single current-dipole algorithm, and 
calculated dipoles using the data of the 38 sensors that covered the peaks of the magnetic field distributions. We judged that 
the dipoles were meaningful if they satisfied the following criteria: goodness-of-fit > 80 %, confidence volume (95 %) < 4.2 
mm 2 , stationary for more than 10 ms, and located in the cerebral cortex. They were superposed on MR structural images to 
identify activation areas. 

When comparing fMRI and MEG, one should consider that fMRI contrasted neural activation between two tasks 
while MEG measured neural activation for each task. 

Results and discussions 

(fMRI) 

There were ten areas for which more than half of subjects showed active pixels. Among them, we judged that 
activation in the calcarine fissure, the intraparictal sulcus, the pre-central sulcus, and the supplementary motor area/ 
cingulate sulcus were non-specific to language processing, and were related to perception, attention, and motor planning. 
The remaining six areas were considered to be language-specific (Fig. 2). The occipital and temporal areas such as the lateral 
extrastriate cortex, the occipito-temporal sulcus (OTS), and the posterior inferior temporal area (PIT) of both hemispheres 
were activated by the visual-form process for single real- or pseudo-characters. Left lateralization in the latter two areas was 
observed for strings of real- or pseudo-characters. 

Activation related to the phonological process was observed in the inferior frontal area such as Broca's arca/Insula, 
temporal and parietal areas such as the left superior temporal sulcus (STS) and the supramarginal gyrus (SmG). A negative 
number for the noun vsl vowel-string contrast in Broca’s area/Insula indicates that activation was larger for the control task 
than for the test task, suggesting that the phonological task demand was larger for the vowel string task than for the noun 
judgment task (denoted by AP’). 

Activation for the semantic process could not be clearly divided from that for other processes. Since no additional areas 
were detected for the noun judgment task, the semantic process was considered to share the activation foci, such as the left 
STS, with the phonological process. 

Activation differed between replicated experiments in which the same subject and the same task were used. This may 
reflect changes in neural activation due to habituation for the experimental procedures. 



-10 0 10 20 30 -10 0 10 20 30 

Relative number of active pixels (%) 

Fig. 2. Activation observed by fMRI for seven or five subjects in five experiments. Meanings of the symbols are the 
same as in Fig. 1. Primes for the task name denote that the stimulus was a string. 
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Fig. 4. Magnetic field distributions and current dipoles superposed on the subject's MR structural images for noun 
detection tasks. The dipoles calculated from the 38-channel data in the left hemisphere were located in the collateral sulcus 
(left) and those from the 38-channel data in the right hemisphere in the parieto-occipital sulcus or calcarine fissure (right) 
at a latency of 144 ms. 


Vowel task 


Noun task 


I 100 fT 

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 [si 

(Stimulus onset) Time 

Fig. 3. MEG waveforms measured with 148 sensors from one subject for the four tasks. One hundred and eighty-six 
epochs of data were averaged. 


(MEG) 

The average waveforms for the four tasks, and magnetic field distributions and current dipoles for the noun judgment 
task at 144-ms latency for one subject are shown in Fig. 3 and 4. The current dipoles for the noun judgment task were 
obtained in the ventral occipito-temporal areas at a latency range of 120 to 180 ms, in the STS at a latency range of 320 to 
350 ms, and in the Broca’s area/insula at a latency range of 310 to 460 ms for the four subjects. Dipoles were also obtained 
in the other areas such as the calcarine fissure, the parieto-occipital sulcus, the intraparietal sulcus, and the posterior 
cingulate sulcus, but were considered to be non-specific to language. Further, the dipoles near the right central or post- 
central sulcus at latencies later than 500 ms were considered to be related to the button-press. The dipoles for the four tasks 
and four subjects in the six areas that were considered to show language-specific activation are summarized in Table 1. 
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Tabic I. Latency ranges at which dipoles were observed. [Rectangles denote that MEG showed dipoles and fMRI 
showed activation, and the symbol “x" denotes that MEGs showed no dipoles but fMRI showed activation which was 
observed for the contrasts of two tasks (noun vs p-char, vowel vs p-char, and p-char vs line for noun, vowel, and p-char task 
columns).] 


51 

52 

53 

54 







(L)312-342 



X 

(L)242-308 








"Task 


A 

Subject 


Broca's area/lnsula 


(U311-433 

X 

(D280-341 


(F0367-411 

X 

X 


(U447-460 




X 





STS 


X 




(L1326-335 

X 



(R1330-341 

(FM 92-200 



X 

X 




Reaction 

Time 


543±79 

478171 

478185 

359173 

554+6n 

465+48 

481+55 

3Q6+53 

568+67 

472+56 

481+68 

444+73 

5631104 

485179 

475.186 

368+68 



X 


U82-99 


X 


'F0134-149 


X 




X 





Lat. Extrastr. Cortex 
OTS/CoS 


x I/L199-130 

tni97-214 


0 1134-171 

L) 137-172 

X 


(L)141-149 
(F0171-178 

X 

R)110-122 


X 

X 






(U197-214 


X 


X 


fRII 21-131 




(L)150-162 
(R1137-161 





Unit: [ms] 


The present experiments showed that activation related to the visual-form process occurred at latencies less than about 
200 ms, and then activation related to phonological or semantic processes occurred at latencies from 200 to 500 ms. 

Many activation areas were detected by both fMRI and MEG with the single-dipole approximation. There were, 
however, areas for which only fMRI or only MEG showed activation; the number of occurrences was larger for the former 
case than for the latter. Further, the occurrence of dipoles was small in the lateral extrastriate cortex, and dipoles were 
obtained in the collateral sulcus, next to the OTS whose activation was observed by fMRI. Possible reasons for theses 
differences in activation foci were (1) limitations of the single-dipole approximation used for the present MEG experiment, 

(2) that our MEG system cannot detect the radial components of magnetic fields, (3) a difference in sensitivity between MEG 
and fMRI, and (4) lack of reproducibility of neural activation. 

Conclusions 

The combination of fMRI and MEG with the single-dipole approximation revealed neural activation with good spatial 
and temporal resolutions. Activation related to the visual form process was found in the occipital and ventral occipito¬ 
temporal areas at latencies less than about 200 ms and activation related to the phonological or semantic processes was found 
in the temporal, parietal, and inferior frontal areas within a latency range of 200 to 500 ms. The multi-dipole algorithm may 
add more detailed information. 
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Event Related Magnetic Fields during Auditory Word Processing 
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Introduction 

Activities related to linguistic processes in the human brain have been observed by positron emission 
tomography or functional magnetic resonance imaging studies. It is difficult to measure the MEG responses of the 
brain evoked by verbal stimuli compared to that evoked by tones, most likely because of the difficulty in 
synchronization of the responses to the verbal stimuli. Nevertheless, MEG is expected to be a suitable method for 
tracing the linguistic activity spatio-temporally if a trigger can be synchronized with the inner processes in the brain. 
We have previously reported the MEG responses observed in the latencies between 200 and 500 ms, which were 
averaged with a trigger at the end of the word stimuli, using 37ch SQUID magnetometer system (BTi) [1]. In the 
present experiment, we recorded the event related MEG responses during auditory word processing by adopting the 
trigger point that would be time-locked to the inner processes, using a whole head system which made possible 
simultaneous recording of the whole brain. 


Methods 

Eight hundred Japanese abstract and concrete nouns consisting of three-mora were chosen as familiar words 
from a dictionary. These words were spoken by a female speaker, and digitally recorded at a sampling frequency of 10 
kHz. The duration of each word was adjusted within 400 ms. which corresponded to the normal speed at which we 
hear or speak these words, by adjusting silent parts or steady parts of the vowel. The fluency of the adjusted words and 
the onset of the third-mora were examined by two of the authors. 300 concrete nouns and 300 abstract nouns were 
selected as stimuli. The average onset time of the third-mora from the beginning of these words was 330.6 ms (SD. 
13.4). 


Word task 

trigger at 3rd mora onset 


400 


—330- 


3mora-wr rd 


1000 400 


button depressing 
1000 


Four male subjects (three right-handed. SI-3 and one left-handed: S4, 28-33 years old) participated in this 
experiment. The time chart of the task is shown in Fig. 1. They were instmeted to listen to words presented to both 
cars through plastic tubes at 70 dB SPL, and to judge whether the words were concrete or abstract nouns About 800- 
950 ms after they heard the words, there was a beep. Then they were instmeted to push one of the buttons when the 
word was a concrete noun and the other when the word was an abstract noun. The position of the button (i.e. right or 
left side) was counter-balanced over subjects and sessions. The abstract nouns and concrete nouns appeared with 
equal probability. Before the experiments, subjects practiced the same task with nouns which were different from 
those used in the experiment. 

MEG signals evoked from the 
subjects’ brain were recorded in a 
magnetically shielded room using a 
SQUID system (Neuromag-122). 
which has a sensor array of 122 
planar first-order gradiometers, 
placed at 61 different sites on the 
brain. Each sensor unit contains a 
pair of gradiometers that measure 
the orthogonal tangential derivatives 
of Bz, the magnetic field component 
normal to the helmet surface at the 
sensor location. Magnetic fields 
from the subject in 260-300 epochs 
during the task were recorded and 
averaged, with the trigger set at the 
onset of the 3rd-mora of each word. 

The signals were digitized at 297.6 
Hz. The period of 1.6 s from the 
onset of the noun, including a 0.8 s 
pre-stimulus baseline, was analyzed. 

The signals were averaged and 
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Control task 

trigger 
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time [ms] 
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3 pure tones 
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Fig. 1. Time charts of two tasks used in the experiment. 
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digitally bandpass-filtered at 0.5-30 Hz. Duration of 300 ms from -500 to -350 ms was used as a baseline. 

In order to represent the magnitude of MEG responses at each measurement site, we calculated the root mean 
square (RMS) value by the equation {(dBz/dx) 2 + (dBz/dy) 2 } |/2 , where dBz/dx and dBz/dy are orthogonal tangential 
derivatives of Bz, detected by the two sensors at each site. 

From 18 to 24 sensors located near the left or right auditory cortex were selected for single dipole estimation. 
The dipoles that satisfied criteria of confidence volume < 300 mm 3 and goodness of fit > 70% were selected for 
candidates of dipoles that produced the measured magnetic fields. 

All subjects also participated in a control task. Instead of word stimuli, 400 ms pure tones, which consisted of a 
series of three 133.3 ms-long pure tones, were used. The frequencies of the first and the second tone were set to 1000 
Hz, while the third tone was either 950 or 1050 Hz with equal probability. Subjects were instructed to decide whether 
the third tone was higher or lower and to push the left or right button according to their judgement. 

In order to measure the reaction time of the task, a separate experiment using the same stimuli without a beep 
was also carried out. The task was the same as above; subjects were instructed to push the button as quickly as 
possible. 


Results 

The range of the average reaction time measured in the control task in 4 subjects was 425 to 443 ms (SD -120) 
from the onset of the third tone of stimuli. The range of the average reaction time measured in the word task was 429 
to 631ms (SD: -130). These reaction times correspond to 292-310 ms and 359-561ms from the end of the tones and 
words, respectively. The longer reaction time obtained in the word task might reflect the time required for linguistic 
processes. The reaction time of S4 was obviously faster than the other subjects, probably because he had more practice 
than the other subjects. 

Fig. 2 shows the RMS amplitude of the MEG response over the left and right hemisphere for different subjects 
The end of the stimulus was used as the latency of 0 ms in this figure, and this latency is referred to as the end of the 
stimulus from here on. Four sensor locations were selected for calculating a RMS at which the amplitude was 
maximum in the latencies at which the dipoles were obtained. There was a large deflection of Nlm at a latency of 
about -270 ms, which corresponded to the latency of 130 ms after the onset of words. Generally. MEG activities were 
observed in the temporal areas of the subjects' brain in the latencies between -350 and 350 ms. where the RMS 
amplitude showed a broad peak. 

In the control task, there was a large deflection of the Nlm at the latency of about -300 ms. which 
corresponded to the latency of 100 ms after the onset of the tone. The RMS amplitude showed several distinct peaks 
in the range from -350 to 350 ms; the peaks between -270 and -70 ms varied among subjects. These peaks may 




Fig. 2. RMS amplitude calculated from the 4 sites at which the magnetic fields were maximum. Latencies 
are referred to the end of the stimuli. Dipoles were obtained at latencies indicated by the mark (■ ). The 
average reaction time is indicated bv the mark (! ). 
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Fig.3. ECDs superimposed on the sagittal and coronal sections of 
the MR images of individual subjects. These ECDs were located in 
the auditory cortex and the superior temporal sulcus. 
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contain the auditory P2m component elicited by the first tone or the weakened Nlm component elicited by the second 
tone. The peak in the latency of about 0 ms may contain the Nlm component for the third tone and other possible 
cognitive components like P300. 

Single equivalent current dipoles, which were estimated in both sides of the temporal area and satisfied the 
above criteria, were adopted in the latencies between 70 to 180ms from the end of the stimuli. Fig. 3 shows the 
dipoles obtained for the word task and the control task superimposed on the sagittal and coronal sections of the MR 
images of individual subjects. These dipoles were located in the auditory cortex and the superior temporal sulcus 
(STS). There were no significant differences in the amplitude of the MEG responses and the location of the dipoles 
between the two hemispheres. 

Discussion 

In the word task, continuous MEG activities were observed in the latencies of -350 and 350 ms from the end of 
the words, corresponding to the latencies of 50 and 750 ms from the onset of the words. They most likely contained 
the sensory evoked responses like Nlm and possibly linguistic processes. In the control task, MEG activities with 
distinct peaks were observed in the same latency range. In both tasks, the dipoles obtained in the latencies from 70 to 
180 ms, which satisfied the criteria, were located on the auditory cortex and in the STS. These latencies corresponded 
to 470-580 ms from the onset of the words. We did not observe clear differences in the locations between the dipoles 
in the word task and the control task in both hemispheres, suggesting that these dipoles have the same neural bases. 
The auditory cortex is known as the site of producing Nlm. Furthermore, the auditory cortex and the STS are 
reported as one of the sites of P300 of MEG responses in auditory task, which appears when subjects recognize the 
stimulus [41. Because subjects paid attention to words and tones in the tasks in this experiment, the dipoles of this 
experiment estimated in the auditory cortex and the STS may reflect the recognition of sound stimuli. 

In our previous study [1,3], a variety of MEG responses were observed in the latencies between 200-400 ms 
from the end of the words with a 37ch SQUID system (BTi inc.). as well as using a 19ch SQUID system (Hokkaido 
University) [2]. Those dipoles were estimated in the inferior medial part of the temporal lobe, including the 
parahippocampal gyrus. In the present experiment. MEG activities were observed in the same latency range, but. such 
deep sources were not obtained. We speculate that the difference in the dipole location between the previous and 
present studies possibly stems from the different types of pickup coils and different recording areas of the sensors. 
Unlike the 19ch and the BTi 37ch systems, which contain conventional axial gradiometers having the baseline of 3 
and 5 cm, respectively, the Neuromag-122 contains planer gradiometers having the baseline of 1.6 cm. Therefore, the 
recorded magnetic fields from deeper sources may have been attenuated. In addition, the lowest sensors at the 
temporal area of the Neuromag-122 are located approximately 4 cm above the preauricular points. On the other hand, 
the sensors used in the other two systems cover the lower area down to 1 cm above the preauricular points. In order to 
measure the magnetic fields that occur in the inferior part of the brain, lower sensors may be desirable. 
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Introduction 

Language-specific speech perception develops within the first year of life|I| and becomes less plastic in 
adulthoodJ21, as is the case in other sensory and motor domainsl3|. Perception of non-native speech contrasts, however, 
improves in the course of learning even in adulthood!4-9|. Monolingual Japanese adults have difficulty in 
distinguishing the English Irl and/I/ (such as in "right" vs. "light"), which do not occur contrastively in Japanese! 10- 
131. The brain mechanisms responsible for difficulty and possibility in acquiring the non-native phonetic contrasts are 
still not fully understood. 

We conducted audiovisual training of non-native speech discrimination for 10 naive Japanese adults using 
audiovisual recordings of 13 native English speakers articulating 90 r! and 32 s0 minimal word pairs, and analyzed 
changes in perceptual and cortical representations of native and non-native phonetic contrasts. The focus of this study 
was on the Cortical plasticity in non-native speech perception. 


Methods 

We analyzed changes in perceptual and neuronal representations of Japanese and English syllables /ra/, /la/ and 
/wa7 during audio-visual training for English spoken-word identification training for 10 Japanese trainees. 

Audiovisual training 

We videotaped the faces of 13 native English speakers (three Americans and 10 Canadians, 5 males and 8 
females) articulating 90 rl and 32 s0 minimal pair words. The utterances were recorded on a computer-controlled laser 
video-disk. One training session consisted of identification practice with correct answer rewarded for 122 x 6 words 
spoken by six speakers. At the very beginning of training, each trainees were instructed to attend to picture, and then to 
gradually shift attention to sound. When the discrimination score for rl word identification became stable in a range 
higher than 90%, they were instructed to turn off the picture and attend to sound. 

Perceptual representation 

Four Japanese (two females and two males) articulating /wa/ and /ra/, and four English speakers (two females 
and two males) articulating /wa/, /ra/ and /la/ in their native languages were videotaped. All possible pairs of those 
videotaped samples were presented in random orders to 20 naive Japanese trainees in three presentation modes; auditory- 
only, visual-only, and audiovisual modes. The subjects were instructed to assign a large number if they felt the pair was 
dissimilar to each other in the phonetic quality, or a small number if the pair was similar. The obtained dissimilarity 
matrix was analyzed using a multidimensional scaling method of SAS. 

Neuronal representaion 

Changes in neuronal representations were measured using magnetoencephalography. Measurements were 
performed in an acoustically and magneto-electrical I y shielded room. Blocks of randomly ordered seven synthetic /la/ 
samples were binaurally presented through plastic tubes and earpieses at a sensation level of 70 dB with a duration of 
200ms. 15% of the stimuli were randomly tippearing deviant samples of synthetic /ra/. In a different measurement 
block, the standards and the deviants were altered The onset-to-onset interstimulus interval was 800ms. The magnetic 
responses were measured using a helmet-shaped whole-head Neuromag 122 magnetometer. The locus of the neuronal 
activity was estimated by determining the equivalent current dipole (ECD) at the latency where the ECD magnitude is 
maximum and the goodness-of-fit is higher than 80%. 
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Results and Discussion 

The speech discrimination score drastically improved during the training (Fig. 1). The improvement in non¬ 
native rl distinction was clearly associated with the changes in the "mental representations" of non-native and native 
phonemes, which represents articulatory and psychological dissimilarities between the non-native and native phonemes 
as a map (Fig. 2). 


Fig. 1 (right). The improvements in the identification 
score (percent correct) tor non-native rl (such as "right" 
vs. "light") and s0 (such as "buss" vs "bath") contrasts. 
When the picture was turned off (A), the score temporally 
decreased because of visual cues lost. The score came 
stable again in a high range very soon, the rl contrast was 
harder to acquire for the trainees than s9. 



Pi 




-10 -5 0 5 10 

Pi 


Fig. 2. (a) The perceptual representation before training 
of non-native and native phonemes (Japanese /wa/ and 
/ra/, and English /ra/, /la/ and /wa/), derived from the 
multidimensional sailing applied to the dissimilarity 
matrix measured under auditory-only presentation. 


Fig. 2. (b) The audiovisual representation after the 
training. Audiovisual cues further enhance the inter¬ 
phoneme separation and condense intra-phoneme 
scattering. PI and P2 are the perceptual factors extracted 
by MDS. 


Before training, particularly when only an auditory signal was presented, the tokens of the five phonemes 
could be classified into only two groups /w/ and the others. The tokens of English /ra/ and /la/ and Japanese /ra/ 
scattered widely and overlapped with each other as shown in Fig.2 (a). The trainees had significant difficulty in 
distinction between /ra/ and/la/. While, after the training as shown in Fig. 2 (b), the five phonemes separated into three 
groups: /wa/ of both languages, English /ra/, and overlapping Japanese /ra/ and English /la/. Each groups were more 
tightly clustered than the pretraining representation, suggesting that the trainees acquired sensitivity for the non-native 
/r/ and /I/ contrast. 


The benefits of audiovisual training is evident by comparing the auditory and audiovisual representations. 
Visually presented lip protrusion for English /ra/ and /wa/ differentiates them from other phonemes, and constriction of 
the tongue tip at the alveolar ridge for English /la/ and flapping movement of the tongue tor Japanese /ra/ differentiates 
them from other phonemes, when the tongue is visible. Because of these visual cues, the five phonemes were separated 
more distinctively in the audiovisual representation than in the auditory representation. Visual cues tire known to 
affect1151 and facilitate speech perception 116, 17|. Young infants can immitate facial expressions! 18| and sounds |19|, 
and am detect auditory-visual correspondences of speeeh|2()|, suggesting that visually presented articulatory cues 
facilitate speech acquisition. The present results suggest that those cues accelerate forming proper representations of 
non-native phoneme categories in adulthood. 
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To ascertain this possibility, we measured the mismatch magnetic fields (MMF), i.e., the auditory-evoked 
brain magnetic responses generated by tin attention-independent change-detection neural process. The magnitude of 
MMF elicited by English /ra/ and /lit/ changed significantly by training. Before training, the MMF magnitude was 
small without tiny significant differences between the right and left hemispheres. Alter training, the MMF magnitude 
increased with a significant dominance of the left hemisphere. The source of the learning-dependent changes in the 
MMF magnitude was located in the auditory cortex of the left hemisphere. The left-hemisphere dominance of the MMF 
enhancement due to training suggests that the neural phoneme traces were created for the non-native phonemes in the 
left auditory cortex. 

Behavioral studies of infants' and adults' speech perception suggest that listeners show a perceptual magnet 
effect characterized by shrunken perceptual distances near excellent exemplars of native phonetic categories and stretched 
distances near poor exemplars|211, and such a language-specific magnet effect appears within the first year of life|l |. 
Typical exemplars of native phonemes generate a larger mismatch negativity (MMN) in electroencephalography and a 
larger mismatch magnetic field (MMF) than an atypical or non-native phoneme in the human cortex, especially in the 
left hemisphere|22|. MMN and MMF enhancement is associated with learning-related improvement in sensitivity of 
slight changes in stimuli|23, 241. 


Fig. 3. (right) The ECD magnitude before and after 
training. After training, the MMF magnitude increased 
with significant dominance of the left hemisphere. 
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Conclusion 

Perception of non-native speech contrasts, such as /r/ versus /!/ for Japanese, is very hard although it improves 
in the course of learning even in ackilthood. However, the cortical mechanism of the perceptual reorganization is 
unknown. Audio-visual perception of English speech sounds by Japanese listeners was investigated based on 
perceptual/training experiments as well as magnetoencephalographic measurements. The speech discrimination score 
drastically improved during the training. The magnitude of MMF elicited by English /ra/ and /la/ changed significantly 
due to training. Before training, the MMF magnitude was small without any significant differences between right and 
left hemispheres. After training, the MMF magnitude increased with significant dominance of the left hemisphere. 
Results suggested that intensive exposure to multimodal speech information effectively alters mental and neural 
representations of non-native phoneme contrasts, and the source of phoneme-related plasticity is in the auditory cortex 
of the left hemisphere 
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Introduction 

In recent years many functional neuroimaging studies have sought to identify loci and networks in the 
brain that respond with specificity to complex stimuli, especially faces [1] and emotion expressed by faces [2, 3, 4]. 
The same basic question recurs: is this or other area activated by this or that stimulus? Several circumscribed 
brain areas have been identified, with the Fusiform Gyrus (FG) emerging as the area primarily associated with 
face processing and the middle temporal gyrus for judgement of emotional expression. Different emotions have 
been discussed in association with different networks, with the amygdala strongly implicated in the processing 
of fearful stimuli. Of course time is the hidden and inaccessible dimension in many of these studies performed 
with PET and fMRI. It is possible to extract estimates of brain activity for individual single trials from MEG 
signals [5]. We have already shown, for the case of object recognition [6], that using single trial analysis both 
when and where questions can be addressed in a statistically quantifiable way. In this paper, we extend the 
same analysis to the judgment of facial expressions and report the first detailed single trial analysis for one 
subject. The FG and the amygdala were amongst the most prominent areas identified by our analysis, and we 
focus on them because in this way we maintain links with a large body of established works. 

Methods 

Two identical experiments were performed with two different MEG systems. In an earlier experiment we 
used the BTi twin MAGNES system (2 x 37 channels) with lateral dewar positions and five subjects, and results 
from the analysis of the average data have been reported elsewhere [7, 8]. In a more recent experiment, the 
BTi whole head system (148 channels) was used to record MEG signals from three healthy right handed male 
volunteers. During the recordings, the stimuli were delivered to a magnetically shielded room via optical fibers 
to a screen, which was about 45 cm in front of the subjects (visual angle was about 6 x 4°). The experiment 
included two tasks in three runs. Task 1: object recognition - 30 different images for each object category: 
front views of lorries, chairs, horse heads, birds, flowers and faces. Task 2: recognition of facial emotion same 
30 face images as task 1; 5 images for each one of the 6 basic emotions - happiness, fear, anger, surprise, disgust 
and sadness. Task 1 was used in run 1 and task 2 was used in runs 2 and 3. The images were black and white 
photographs and presented randomly: an image appeared on the center of the screen for 500 ms, 1 sec later 
an option list with the category names of the objects (in run 1) or emotion (in runs 2 and 3) was shown and 
the subject was asked to name the object or emotion verbally as soon as the option list appeared. An operator 
recorded the response for later analysis. The MEG signal was recorded in epoch mode as a 1.2 sec long segment 
beginning 200 ms before the onset of each image. 

The contamination of heart and eye movements were first removed from the MEG signal; all remaining 
single trial signals were visually reexamined and trials suspected of artifacts were rejected. After this processing, 
in run 1, 27 trials of faces and 141 trials of the other 5 objects remained. For runs 2 and 3, we also excluded trials 
for which the subject did not name the emotion correctly; in the end we had 7 (4/3) trials of disgust from run 
2/3, 7 (3/4) of anger, 7 (3/4) of surprise, 9 (4/5) of happiness, 8 (4/4) of fear and 5 (2/3) of sadness for further 
analysis. The data were then band-pass filtered from DC to 45 Hz and separate averages were constructed for 
each object and emotion category. 

All the average and single trial signals (-100 to 600 ms, at a step of 1.97 ms) were analyzed using 
magnetic field tomography (MFT). MFT produces probabilistic estimates for the (non-silent.) primary current 
density vector J p (r,<) from a given distribution of MEG data [9]. For this work, we have used separate MFT 
computations for the left and right hemisphere: 50 channels from each hemisphere (covering the subject’s 
temporal and parietal areas well) were used with hemispherical source spaces, one for the left and one for the 
right hemisphere (see Fig. 1). An automatic program was used to scan through the MFT solutions and identify 
areas of strong independent activity, and group such activations across latencies and trials into clusters. The 
centers of these clusters were taken as the centers of regions of interest (ROIs), each defined as a spherical 
region of radius 1.2 cm. Therefore in our analysis ROIs were defined based on functional criteria and labeled 
according to their anatomical location. As an example, Fig. 1 highlights the R,OI definitions for the left and 
right amygdala, respectively. 

The extraction of temporal sequence from MFT solutions is direct b ecause the meth od is applied to 
each timeslice separately. The activation curves for the ROIs ( M{t) = f ROI x/J^r, t) • JR(r, t) d 3 r) can then be 
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Fig. 1: The sensor locations and source space definition used for the MFT estimates: * denotes sensors, white 
lines (in the coronal and axial views) and big circles (in the sagittal views) show display cuts for the left and 
right hemispherical source spaces. Small circles represent the ROI for the left and right amygdala. 


computed and plotted as a function of time [5]. For each ROI, a target distribution is made up by all the single 
trial values from one object category at one latency. The Kolmogorov-Smirnov (KS) test is then used in two 
ways, each with a different reference distribution: one is made up by all the single trial values at all latencies 
from the same object category (auto-comparison), another is made up by all the single trial values at the same 
latency from all object categories except the target one (cross-comparison). With these two comparisons, we 
have identified both whether a. ROI activity is emotion-specific, and when such specificity occurs. In this paper, 
we shall present results from auto-comparison only. 

Results 

All the subjects accomplished the task 1 accurately without any difficulty, but the accuracy for task 2 
was much lower (78%). Using the whole head system with much better head coverage, activities in occipital, 
temporal, parietal, frontal, somatomotor as well as cerebellum regions were identified. The automatic identifi¬ 
cation of ROIs produced over 20 regions in each hemisphere, many in pairs of homologous activations on the 
left and the right; we have defined 28 ROIs in each hemisphere. The activation curves was computed within 
each ROI for each trial. To determine whether the FG is face-specific , we applied the auto-comparison to the 
faces from 3 runs and the results are shown in Fig. 2: both the left and right FG show significant change in 
activation at roughly the same period (100-200 ms) in all runs except run 2 on the right. As far as the FG 
activity is concerned, runs 1 and 3 are more similar to each other. 


left fusiform gyrus right fusiform gyrus 



time (ms) time (ms) 

Fig. 2: Auto-comparison for face recognition from 3 runs in the left and right FG (0 to 600 ms). A latency is 
marked only if, in at least two consecutive timeslices, the KS test produces p < 0.01 (light short vertical lines) 
or p < 0.005 (heavy short vertical lines). The length of the lines is determined by the mean strength of the ROI 
activity across all the single trials in each run (27/20/23 trials in run 1/2/3); the mean and standard deviation 
(std) are shown respectively as solid and dashed continuous curves, normalized separately for each run (the 
range of the mean and std values are given in the text in arbitrary units). The horizontal straight lines mark 
the zero line for the mean and std, and the vertical ones mark the time every 100 ms. 

Fig. 3 shows the time segments of significant activation in the left and right. FG and amygdala for all 
the 6 facial emotion. Since only 5 single trials (fewer if some are excluded because of noise or wrong response) 
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are available for each emotion in each run, the responses for the same emotion from runs 2 and 3 were pooled 
together for the statistical analysis. Between 100 and 200 ms, significant change in activation was identified 
in both the left and right FG for 4 out of 6 expressions (sad, happy, surprise and disgust), and only in the 
left for angry. In the fear condition both FG showed significant change in activation between 210 and 260 
ms. Significant change in the amygdala activation varied over wide range of latencies: in the left amygdala, 
the happy expression showed the earliest significant increased activation (110 to 120 ms), followed by the fear 
(150 to 180 ms), angry (230 to 240 ms, 285 to 300 ms), surprise (240 to 245 ms); the sad showed significant 
activation at much later latencies (420 to 450 ms, 520 to 545 ms), while the fear showed significant activation 
again during this similar late period (525 to 540 ms). In the right amygdala, the fear expression showed the 
earliest significant change in activation (20 to 40 ms, 150 to 160 ms, 235 to 250 ms), followed by surprised (80 
to 85 ms, 250 to 260 ms, 375 to 385 ms), angry (95 to 110 ms), happy (120 to 130 ms, 150 to 165 ms, 250 to 
300 ms), sad (140 to 145 ms) and disgust (260 to 270 ms and 385 to 395 ms); the late significant activation only 
showed in the sad (450 to 465 ms) and angry (495 to 505 ms and 520 to 535 ms) expressions again. 



left amygdala right amygdala 



0 100 200 300 400 500 600 0 100 200 300 400 500 600 

time (ms) time (ms) 


Fig. 3: Auto-comparison for all the 6 facial emotion recognition in the left and right FG (top row) and amygdala 
(bottom row) from 0 to 600 ms. A latency is marked only if, in at least two consecutive timeslices, the KS test 
produces p < 0.01 (light short vertical lines) or p < 0.005 (heavy short vertical lines). The meaning of all the 
other attributes for lines and texts is the same as in Fig. 2. 

Discussion 

The MFT analysis of the average signal showed activations in areas extending from the occipital pole 
to anterior areas. Although some systematic behavior was identified when the data from the two affect runs 
using the earlier twin MAGNES system were analyzed [8], it was clear that the within subject variability was 
great and the extended activation required a wider sensor coverage around the head. It was also difficult to 
compare the object and affect, recognition runs because the dewar was moved to a more frontal position for runs 
2 to run 3. The difference in sensor location and the interruption of the experiment introduce uncontrollable 
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influences. In this, the first, look at the new data with the whole head system, we have restricted our attention 
to the analysis of single trial data and specifically the evaluation of the activity from the two areas, FG and 
amygdala, which have been best studied in the context of processing of faces and facial expressions of emotion 
respectively. 

The analysis presented here is qualitatively different to processing of the average signal. Not only each 
trial is analyzed separately, but in computing the auto-comparison we identify time segments when the activity 
is different (higher or lower) from the activity across all latencies and trials within the same object/emotion 
category. For example, between 100 to 200 ms the F'G activation in the fear condition, as expressed by the 
mean value, is strong and a peak is evident around 180 ms; the activity is not significant because the standard 
deviation is also increased, while for all other 5 conditions is low. The differential activation of the amygdala 
and FG on the left would not therefore be evident in the MFT of the average signal, or even the mean value of 
the MFT estimates across single trials. 

We find that the FG is active during the processing of faces and the amygdala activity is significantly 
different when faces expressing fear are used as stimuli, very much in agreement with many recent neuroimage 
studies. In our previous study [6] we have concluded that the FG is activated by all complex objects at roughly 
similar latencies. The new twist added by the analysis of runs 2 and 3 is that when facial expression is processed 
the FG activity is modified together with other structures, e.g., at the time of strong FG activation in the left 
hemisphere we find instead a significant change in the activity of the amygdala followed by a significant change 
in FG after the amygdala activity has subsided. 

The amygdala has often been referred to in conjunction to the processing of fearful stimuli. An imprecise 
notion of stimuli associated with fear arrives at the amygdala before the cortex, in the case of tones within 12 
ms [10]. The early activation in the right amygdala might relate to this. Similarly the amygdala activation 
between 100 and 200 ms was specific to the fear expression. It is however important to note that the most 
prominent activation in the amygdala was observed for happy faces, again bilaterally. If this result is sustained 
when more subjects are examined it would force a revision of the view of amygdala as the side of early warning, 
but instead make it the place where both intensely positive and negative stimuli are quickly recognized, as many 
animal experiments have shown. 
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Introduction 

Because the planum temporale contains the auditory association cortex, hemispheric asymmetry of NIOOm (m 
referring to magnetic measurement), which is a component of the auditory event-related fields occuring at approximately 
100 msec poststimulus, is supported by this finding [1]. In the right-handed, verbal processing tends to be dominant 
in the left hemisphere, which contains Wernicke’s sensory speech area including both Heschl's gyri and the planum 
temporale mentioned above. The hemispheric dominance of linguistic ability has been shown by studies of aphasia 
patients, electrical stimulation during surgery, or more recent by PET (Position Emission Tomography) [2], but not by 
non invasive methods such as EEG (Electroencephalography) or MEG (Magnetoencephalography). 

The aim of this study was to examine the cortex during the logic processing of auditory information using a whole- 
cortex type dc-SQUID gradiometer. The following 3 tasks were performed 8 times each. First, the normal oddball 
paradigm was employed. The stimuli were binauraly presented in a random sequence, and the subject was required to 
count the rare tones mentally. Second, paired stimulus sequences selected randomly from the higher( 1046.4Hz) or 
lower(261.6Hz) tones were presented to separate ears. The subject was only required to count paired higher tones 
presented to both ears. Third, the subject was required to count the pairs of tones including at least one higher tone. 

In this study, the latency of P300m was not significantly prolonged by the additional load of logic processing. A 
dipolar pattern was observed over the left hemisphere at approximately 280 msec poststimulus before forming the field 
pattern of P300m during two modified tasks. Based on source estimation, it is suggested that Heschl’s gyri of the left 
hemisphere may be related to logical analysis of auditory information. Hemispheric asymmetry at 280 msec 
poststimulus was reproducibly observed for a single subject, suggesting that the effect of logic processing is observed 
for other subjects in MEG measurement. 

Methods 

One healthy, right-handed subject with normal hearing (29 years old) volunteered for the study and gave informed 
consent prior to the experiment. The subject was confortably seated on a non-magnetic chair with the eyes closed in a 
magnetically shielded room. A 122-channel first order planar type dc-SQUID gradiometer with a sensitivity of 5fT/cm 
f Hz(Neuromag Ltd., Finland) was used to measure external evoked magnetic fields (EMFs) over the head of the 
subject. To prevent artifacts, the tones were produced by speakers outside the magnetically shielded room and channelled 
to the subject’s ears through 3 meter long plastic tubes with a 6 mm inner diameter terminating in earplugs. The 
following 3 tasks were performed 8 times each. First, the normal oddball paradigm was employed in which tones of 
either 1046.4 Hz (higher) with a probability of 25 % (rare) or 261.6Hz (lower) with a probability of 75 % (frequent) 
were generated by a computer. The two tones were two octaves apart for easy discrimination. The stimuli were 
binauraly presented in a random sequence. The subject was required to count the rare tones mentally. Second, paired 
stimulus sequences selected randomly from the higher or lower tones were presented to separate ears. There were 4 
combinations of paired tones, and the subject was only required to count paired higher tones presented to both ears, an 
event with a probability of 25 % (rare). This experiment was called the AND trial. The other conditions were the same 
as for the normal oddball paradigm. Third, under the same conditions as in the AND trial, the subject was required to 
count the pairs of tones including at least one higher tone, events with a probability of 25 % (rare). This experiment 
was called the OR trial. One hundred averaged data points were computed separately for rare and frequent events. A 
spherical head model with a radius of 70 mm was employed for source estimation. Neural activity generating EMFs 
forms a measured field pattern that can be modeled using equivalent current dipoles (ECDs). Comparison between the 
ECD locations was performed using Student’s t-test. 
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(a) Odd-ball Probability of Appearance=25[%] 
Interval 1.5-2.0[sec] Duration=50[msec] 
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Fig. 1 Oddball paradigm, (a) Normal auditory oddball paradigm, (b) and (c) are proposed oddball paradigms. There 
were 4 combinationeds of paired tones, and the subject was only required to count paired higher tones presented to both 
ears, an event with a probability of 25 % (rare). This experiment was called the AND trial. The OR trial was required 
to count the pairs of tones including at least one higher tone, events with a probability of 25 % (rare). 

Results 

Because P300 indicates the completion of judgement, it is considered to appear after the neural analysis of a 
stimulus. Therefore, the contour maps were examined from 160 msec (the approximate latency of P200) to 300 msec, 
which is the approximate latency of p300. It is probable that the effect of neural logic processing caused differences of 
the contour maps between the three experimental paradigms. Figure 2 shows three sets of contour maps at 280 msec 
poststimulus obtained from the subject. Figure 2 (a) represents the normal oddball paradigm. There is a dipolar pattern 
comprising a pair of extrema (N pole and S pole) over each hemisphere. Figures 2 (b) and (c) show the AND trial and 
the OR trial, respectively. There was a dipolar pattern over only the left hemisphere where weak and complex magnetic 
Fields were observed. The dipolar pattern during the OR trial was slightly posterior to that during the AND trial. 
Figure 2 shows the mean amplitudes for two extrema over each hemisphere at 280 msec after stimulus onset for the 3 
experimental conditions; (a) the oddball paradigm, (b) the AND trial, and (c) the OR trial. 



Fig. 2 Comparison of contour maps at 280 msec poststimulus between the left and right hemispheres in a single 
subject, (a) During the normal oddball paradigm, a dipolar pattern was elicited in each hemisphere, (b) During the 
AND trial, (c) During the OR trial. A dipolar pattern was only elicited in the left hemisphere in (b) and (c). 
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*p<0.0005; **p<0.005; NS: no significant 


Fig. 3 Mean value and SDs of extrema (N pole and S pole). Because a clear dipolar pattern was not observed over the 
right hemisphere in many cases, both an S-pole extreme and an N-pole extreme were employed for statistical analysis, 
with the result that magnetic fields of more than 40 fT were observed even in the right hemisphere, (a) During the 
normal oddball paradigm, (b) During the AND trial, (c) During the OR trial. After statistical comparison between the 
left and right hemisphere, the difference (left > right) was significant in (b) and (c). 



Fig. 4 Mean locations of ECDs for NIOOm and each dipolar patterns during the AND trial and the OR trial shown in 
Figs. 2(b) and (c). Eight sets of ECD parameters from a single subject were averaged for each of ECDs. 
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Because a clear dipolar pattern was not observed over the right hemisphere in many cases, both an S-pole extreme and 
N-pole extreme were employed for statistical analysis, with the result that magnetic fields of more than 40 fT were 
observed even in the right hemisphere. Although the mean amplitudes of the magnetic fields over the left hemispere are 
not statistically differ from those over the right side in Fig. 3 (a), the hemispheric difference (left > right) is significant 
in Figs. 3 (b) and (c). Figure 4 shows the mean locations of ECDs for NIOOm, three examples of P300m, and each 
dipolar pattern at 280 msec poststimulus during the AND trial and the OR trial. ECD parameters obtained as the 
average values of 8 trials. The pair of ECDs for NIOOm were located in both temporal regions of the head. The mean 
locations and SDs for the NIOOm source were (x, y, z)=(-54.9 ±2.1, -0.6±4.8, 45.9 ±3.5) in the left hemisphere and 
(58.8+1.9, 2.4±3.4, 54.2+1.8) in the right hemisphere. Although the ECDs were not superimposed on the subject’s 
MRI scan, these locations indicate the auditory cortex in the Heschl's gyri in the superatemporal plane according to the 
MEG literature. The ECDs for the dipolar patterns appearing at 280 msec poststimulus during the AND trial and the 
OR trial were significantly medial to the NIOOm source in the left hemisphere by an average of 7.7 mm (p<0.005) and 
15.7 mm (p<0.0005), respectively. The ECD during the AND trial was significantly lateral and inferior to that during 
the OR trial (p<0.005). The average distance separating the two ECDs was 10.5 mm. In this study, the P300m source 
was represented by two ECDs and all the locations of these ECDs were medial to the NIOOm source in each 
hemisphere. The location of the P300m source during the oddball paradigm was not significantly different from that 
during both the AND trial (left: p>0.1, right: p>0.2) and the OR trial (left: p>0.1, right: p>0.25). 

Discussion 

(1) The estimated locations at 280 msec poststimulus during the AND trial and the OR trial can be verified? 

The latency of P300m during the oddball paradigm was not significantly different from that during both the AND trial 
(p>0.25) and the OR trial (p>0.25). The time required from stimulus onset to the end of judgement was not prolonged 
by the additional processing of logical information. Although the tasks used were more difficult than the normal 
oddball paradigm, not so much consideration is needed to discriminate a rare paired stimulus from a random paired 
stimulus sequence. Furthermore, if the cortical region for logic processing is located away from Heschl’s gyri, time 
loss would be caused by the transmission of logical information. Therefore, simple types of auditory processing, such 
as logic, are considered to be handled in Heschl’s gyri. 

(2) A dipolar pattern in the left hemisphere was the effect of verbal coding of the stimuli in terms of AND or OR? 

In MEG measurement, the magnetic field induced by a neural source decreases as the distance from the sensor 
increases, so neural activity in the limbic system, proposed as one of the P300m sources, has a low signal-to-noise 
ratio compared with that in the neocortex. Therefore, verbal processing in the temporal lobe contributes to the MEG, 
and this can be verified by the two ECDs for P300m localized to the medical temporal lobe in this study. Because the 
latencies of P300m did not vary between the three experimental paradigms and the location of the P300m source also 
did not vary, we support the idea that there is no need for verbal coding in response to the stimulus. 

(3) Why was the dipolar pattern elicited in the left hemisphere? 

The complex spatial distribution of right hemispheric magnetic fields is considered to be produced by the 
superimposition of asynchronous neural activities, but not by the reduction of neural activity. On the contrary, 
synchronous neural activity was produced by the simultaneous activation of tens of thousands of neurons in the medial 
Heschl's gyri for the purpose of logic processing. Basic analysis of logic is required in addition to the verbal coding 
process, and it is not unreasonable that simple logic processing temporarily activates part of the linguistic area. 
Because our subject was left-dominant for linguistic ability, this may be why the dipolar pattern appeared over the left 
hemisphere. 

Conclusion 

This study yielded the following findings. (l)The latency of P300m was not significantly prolonged by the 
additional load of logic processing. (2)A dipolar pattern was observed over the left hemisphere at approximately 280 
msec poststimulus before forming the field pattern of P300m during the AND/OR trial. (3)Based on source estimation, 
it is suggested that Heschl’s gyri of the left hemisphere may be related to logical analysis of auditory information. 
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Introduction 

Many psychological studies have been carried out on the mental rotation task [1] [2], which requires 
rotating and matching of a pair of mental imagery. These processes have been shown to activate the parietal 
region in positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) studies [3] 
[4]. These results show the temporal integration of brain activation during the entire mental rotation process, 
which requires the cooperative interaction of multiple areas in the brain. In the present study, we estimated 
the dynamic properties of the electrical source distribution in the human brain corresponding to the early 
mental rotation process based on measurements of brain magnetic fields (magnetoencephalography: MEG). 
To avoid difficulty in estimating the source distribution associated with higher-order brain functions, including 
the mental rotation process, due to the lack of detailed a priori information about the generator profile and 
the noisy measurement conditions, we used a multiple signal classification (MUSIC) algorithm [5], which was 
able to make use of the spatio-temporal properties of the measured data. Statistical analysis was carried out 
to detect statistically significant differences in source distribution between the mental rotation task and the 
control task. 


Methods 

Mental rotation task 

The pair of simple line drawings (mental rotation stimulus) shown in Fig. 1 was presented for 1000 ms 
in the left and right positions, each separated by a visual angle of 1.5 degrees from a fixation point on the 
screen. 

In the mental rotation task, the subjects were required to discriminate a symmetrical rotation pair (True: 
50% probability) from a mirror-image pair (False: 50% probability), and to react by lifting the right index 
finger (True) or middle finger (False) as soon as possible after a reaction request stimulus that was presented 
1500 ms after the onset of the mental rotation stimulus. The angles of rotation were 0, 60, 120, 180, 240, or 
300 degrees, and each angle had equal probability. In the control task, subjects alternately lifted the right 
index or middle finger regardless of the stimulus. 

During the mental rotation task and the control task, MEG signals were measured for 2700 ms, including 
a 200 ms pre-stimulus baseline, using a 122-channel whole-cortex-type DC-SQUID system located in a mag¬ 
netically shielded room with a sampling frequency of 497 Hz. More than 100 responses were averaged for each 
task condition after being filtered with an analog bandpass filter (0.03-100Hz). 

Subjects were six normal, right-handed volunteers (three females) from 23 to 33 years of age. All subjects 
had normal or corrected-to-normal vision. 

Estimation of source distribution 

Let us denote the primary current distribution at time t, as p(^) = {pi(^)>P 2 (^*)> •••,Pn(^)} T , and the 
measured brain magnetic field distribution as f(^) = {fi(ti),f 2 (tj),...,fjtf(*i)} T , where N is the number of 
possible current source locations and M is the number of magnetic sensors. The relationship between f and 
p is described as f = Cp + n, where £ is a gain matrix called the lead field matrix and n is the additive 
measurement noise. 

In the MUSIC algorithm used here, the signal and noise subspaces of the M x l spatio-temporal measured 
data matrix F = {f(£i), f(£ 2 ), f (^t)} are separated first using an eigendecomposition of the auto-correlation 
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(a) True (b) False 

Fig. 1: Example of the visual stimulus for the mental rotation task and the control task, which was presented 
for 1000 ms in the left and right positions, each separated by a visual angle of 1.5 degrees from a fixation 
point on the screen. 


matrix of F, where / is the number of time slices considered for the estimation of source distribution. Here, 
we denote matrices containing signal and noise eigenvectors as V s and V n respectively. For each scanning 
grid j located in a head model, we calculated the cost value Sj = A min ju^. VnVj’U/;. j, where is the 
principal left eigenvector of Cj , Cj is the j-th column of matrix £, and X m i n {A} is the minimum eigenvalue 
of matrix A. Sj becomes 0 at the correct source location when the source is modeled as a set of current 
dipoles [6], and 1 /Sj can be used as the criterion of source existence for each grid point location. 

Electrical source distributions that related to the mental rotation task and the control task were estimated 
between the latency period from 100 to 500 ms after stimulus onset using the MUSIC algorithm with a 
time interval of 2ms. The number of time slices used in each MUSIC estimation (/) was set to 15[slices] ( 
corresponding to about 30 ms in 497 Hz sampling frequency). Student’s t-test (significance level: p < 0.05 
) was used to detect statistically significant differences in neural source distribution between the two task 
conditions at each location of the scanning grid. Grid locations were normalized between subjects in reference 
to the radius of the spherical volume conductor, which was determined from each subject’s MR image and 
adopted for MEG forward calculation. 


Results and Discussion 

Typical waveforms of the MEG signals obtained during the mental rotation task and the control task are 
shown in Fig. 2. This subject showed differences in MEG waveforms between the two tasks over the latency 
period between 200 and 300 ms in the occipital region and right postero-temporal region. 

Fig. 3 shows the estimated source distributions for subjects K.Y. and T.M. during the mental rotation 
task superimposed on MR images of each subject’s head. The size of the dots in each MRI slice indicates 
the distribution of 1 /Sj, which was used as the criterion of source distribution. The left temporal region 
was activated during the mental rotation task in subject T.M. (latency: 230-290 ms) and the right lateral 
posterior region was activated in subject K.Y. (latency: 180-230 ms). 

The results of statistical analysis are shown Fig. 4. Statistically significant differences in neural activation 
between the mental rotation task and the control task were observed in the left temporal region, right parietal 
region, and primary visual region in the latency period between 200 and 250 ms, as well as in the right parietal 
region and occipital region in the latency period between 250 and 300 ms. 


Conclusion 

The electrical source distributions in the mental rotation task and the control task were estimated for 
six subjects in the latency period between 100 and 500 ms after stimulus onset, and the differences in source 
distribution between the two tasks was assessed by Student’s t-test. Statistically significant differences between 
the two tasks were observed in the left temporal region, primary visual region, and right parietal region in 
the latency period between 200 and 250 ms, as well as in the right parietal region and occipital region in the 
latency period between 250 and 300 ms. 
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Fig. 2: Typical waveforms of the measured MEG signals during the mental rotation task and the control 
task (subject K.Y.). Differences in MEG waveform between the two tasks were observed in the latency range 
between 200 and 300 ms in the occipital region and right postero-temporal region. 



(a) Subject: K.Y. 


(b) Subject: T.M. 


Fig. 3: Estimated source distributions in subjects K.Y. and T.M. during the mental rotation task are 
superimposed on MR images of each subject’s head. The right lateral posterior region was activated in 
subject K.Y. and the left lateral posterior region was activated in subject T.M. 
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(a) 200 - 250 ms (b) 250 - 300 ms 


Fig. 4: Results of statistical analysis of difference in neural source distribution between the mental rotation 
task and the control task. Statistically significant differences between the two tasks were observed in (A) left 
tempral region, (B) right parietal region, and (C) primary visual region over the latency range between 200 
and 250 ms, as well as in (A)(B) right parietal region and (C) occipital region over the latency range between 
250 to 300 ms. 
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Introduction 

Following the studies of Salmelin and her colleagues [1, 2], we carried out an implicit word naming 
experiment with Japanese logographic/morphographic Kanji words as stimuli, and with whole-head 122-channel 
magnetoencephalography (see Fig.l) - Neuromag-122 [3, 4], the distinct time courses of cortical activation during 
word naming were tracked. The Japanese orthography is unique since it comprises two different scripts: syllabic Kana 
(derived from kanji characters) and logographic/morphographic Kanji (of Chinese origin) [5]. Both Kana and Kanji 
words have been used as stimuli in various cognitive experiments to determine whether cognitive processes involved in 
reading are universal across different scripts or script specific [6, 7, 8]. For example, there are a few cognitive 
experimental studies of word naming with two-character Kanji words as stimuli [8, 9]. However, in hitherto brain 
imaging studies with Kanji, the majority of stimuli were single Kanji characters, which were often only parts of multi¬ 
character kanji words [101. It is therefore not clear whether the data were really indicative of the Kanji word processing. 
Therefore, the current study is the first attempt to elucidate the neural basis of Kanji word reading processing with a 
good spatiotemporal resolution. Our implicit Kanji word reading experiment with magnetoencephalography showed, on 
the whole, a very similar cortical activation pattern found in the passive reading study with alphabetic Finnish by 
Salmelin et al. [2]. Namely, the cortical activation progresses bilaterally, from the occipital visual cortex with a sharp 
deflection at around 120 - 150 ms. after stimulus presentation, to temporal and frontal lobes. The activated areas are 
also similar to those found in other studies of word reading in English with different brain imaging techniques such as 
PET or fMRI [11, 12]. Thus, our data indicate that as a cognitive function, reading logographic/morphographic kanji 
words involves, in general, spatially and temporally similar cortical processes required for alphabetic languages. 

Methods 

Four female and two male Japanese subjects aged between 20 and 25 participated in the experiment. They all 
had normal or corrected-to-normal vision, and were right handed. The experimental paradigm was an implicit word 
naming task as opposed to an overt word naming task. Each participant was asked to lift his/her index finger on a 
special response pad, when a stimulus word presented on a special VDU had the initial sound Id. If he/she did not 
know how to read/pronounce the stimulus words he/she was asked to lift his/her middle finger. The participants were 
instructed to be as still as possible and not to blink especially when the stimulus words were visible. The stimuli 
consisted of 320 four morae (syllable like unit) two-character Kanji words, selected from the NTT Japanese Lexical 
Database [13], with systematically controlled variables such as word length, word familiarity, and character-to- 
pronunciation consistency (i.e., ^31 /saku-in/ meaning index is a consistent word, since neither of the constituent 
character has other pronunciation in other two-character words, while /nan-bei/ meaning South America is an 
inconsistent word, since each constituent character has another very different pronunciation which appears other two- 
character words, /minami/ and /kome/, respectively). This is because it is known that these variables affect naming 
latencies, for example, high familiar words produce shorter latencies than low familiar words (8, 9, 14). The NTT 
database contain over 80,000 Japanese words with their linguistics properties/characteristics being identified and 
compiled, such as for example, word familiarity, consistency, accent type, number of morae, and so forth. Out of 320 
two-character kanji words, 64 words started with the initial sound Id (e.g., JO# /en-totsu/ meaning pencil), and the rest 
of 256 kanji words did not. In fact the latter stimulus words (i.e., the words without the initial sound Id) were the 
critical target stimuli, and the former (the words with the initial sound Id) were fillers for the current study. The fillers 
were included (a) to ensure that the participants had to pronounce all the stimulus words covertly in order to make 
correct responses, and (b) to minimize any bodily movements, which might contaminate the data. In this way the 
participants did not need to make any physical responses to those critical stimulus words. 320 stimulus words were 
divided into four blocks of 80 words, and they were randomly presented within each block for each participant. There 
was a brief break with a few minutes between the blocks. The stimulus word was visible on the VDU for 3,000 ms. 
regardless of whether the participant made a response or not. The inter-stimulus interval was 4,000 ms. 

During the experiment, magnetic fields, over the whole head, synchronized to stimulus onsets, were recorded 
with a helmet-shaped Neuromag-122 SQUID magnetometer [4]. Recording epochs started 500 ms. before the stimulus 
was presented to provide a baseline condition. The epochs for the correct responses to the critical target words were 
averaged for each subject separately from those to the stimulus words with the initial sound of Id as well as ones that 
the participants did not know. The recorded critical data were analog low-pass filtered at 0.16kHz and digitized at 0.5 
kHz. The data were further low-pass filtered at 30 Hz (center frequency) and 20 Hz (width), and high-pass filtered at 
0.5 Hz (center frequency) and 0.5 Hz (width) respectively. The baseline was set at between -200 ms. (start) and 0.0 ms. 
(end). Recording epochs of 800 ms. (from 0.0 ms. to 800 ms.) were used for analysis. From visual inspection of the 
magnetic field distribution as well as isofield contour maps [1, 2], a subset of channels (usually around 16-18 sensors) 
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was selected around the maximum signals. Source analyses based on a single equivalent current dipole (ECD) model 
were used [3]. The model was assumed to be a spherical conductor whose size was determined by a fit to the local 
curvature of the digitized head shape measured from each subject. Three-dimensional location, amplitude and 
orientation of the ECD, characterizing the local activated cortical area, was obtained from a least-square fit. Only 
sources accounting for greater than 85% of the field variance (i.e., the goodness-of-fit value) were accepted, though 
usually this was above 90%. 
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Fig.l Magnetic field distribution and isofield contour map of a subject 
The sensor array is flattened into a plane and viewed from above. The horizontal axis represents the time and the 
vertical axis the magnetic field. 



Fig. 2 Spatial and Temporal Relationships of ECDs identified for the subjects in a schematic head 

and the ECDs for a typical subject superimposed onto the MR image 
(a) Spatial and temporal relationships of sources of evoked responses during an implicit kanji word naming task for 
our subjects were projected onto the head surface, which was then flattened into a two-dimensional schematic head. 
The bold lines indicate the approximate positions of the central sulci and the sylvian fissures respectively, (b) An MR 
image of Subject 4 showing ECDs (in the left hemisphere) identified from this subject from the above. 
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Results 

Several temporally or spatially distinct ECDs were thus identified, using the above method. Fig.2 shows such 
ECDs identified using this method for the subjects on a schematic head. All the ECDs identified for each subject were 
co-registered with his/her MR image, an example of which is also shown in Fig.2. Our results revealed that signal 
processing during Kanji word naming advances from posterior to anterior brain areas and involves both hemispheres. 
However, due to lack of space, only the ECDs identified in the left hemisphere are shown in an MR image in Fig. 2. As 
shown in the MR image activation from 130 ms. up to 150 ms. peaking at 140 ms. after word presentation concentrated 
in the posterior part of the brain, i.e. visual occipital cortex area. Thereafter activation was seen in the occipital- 
temporal region peaking at 190 ms. lasting from 160 to 200 ms. Two distinct source areas were then identified in the 
area near and around Wernicke’s area, the first one peaking at 220 ms. (3a in Fig.2), activation of which lasted from 
108 to 242 ms. and the second peaking at 286 ms.(3b in Fig.2), activation of which lasted from 256 to 310 ms. 
respectively. The final source area was identified in the prefrontal cortex area, peaking at 460 ms. Its activation was 
very stable and lasted from 396 to 564 ms. 

Multi-dipole modeling 

Eight temporally or spatially distinct ECDs identified above were introduced simultaneously into a multi-dipole 
model. All 122 channels were included and the amplitudes of the dipoles were allowed to vary as a ftmction of time to 
explain the measured field pattern and to verify the alternating dominance of individual source areas, which is shown in 
Fig. 3. These eight dipoles accounted for above 80% of the total magnetic field variance (i.e., cortical activation). 



0 500 ms 


1. occipital visual cortex during 100 - 150 ms. 

2. occipital-temporal area during 150 - 250 ms. 

3. superior temporal area during 250 - 450 ms 
(near Wernicke’s area or angular gyrus). 

4. inferior frontal area during 350 - 550 ms 
(near Broca’s area). 

*r indicates the ECD is in the right hemisphere, 
amplitude: 10 nAm step 
time :100 ms step 
goodness of fit: 10 % step 


Fig. 3 A multi-dipole model fitting for a subject 


Discussion 

In order to assess universality and script/languagc specificity in the cortical processes of reading with 
different orthographies we carried out an implicit word naming experiment with Japanese Kanji words as stimuli, using 
a whole-head neuromagnetometer, Neuromag-122. We identified the cortical activation sequence in six Japanese 
subjects during implicit naming of the two-character Kanji words. Our results revealed that signal processing during 
Kanji word naming advances from posterior to anterior hrain areas and involved both hemispheres. This time sequence 
is very similar to that found in passive viewing of Finnish words [2]. 

An implicit Kanji word naming paradigm was employed in this study, since we wanted to make a distinction 
between ‘input phonology’ and ‘output phonology’. Input phonology is thought to be related to recoding the visual 
word into a form similar to its auditory input, while output phonology is thought to be more closely related to 
production or articulatory phonology [15]. Studies of cerebral blood flow provided evidence of both forms of 
phonological coding [16]. A visual rhyme judgement task (required input phonology) activated an area of the left 
superior temporal lobe located anterior to the angular gyrus [17], It has also been found that more anterior areas close to 
Broca’s area are activated in the phonological task [18]. However, because the time-course of the frontal activity during 
phonological tasks is rather late, this area is thought to be related to output phonology (i.e., preparing for articulation). 
Left inferior frontal area (overlapping Broca’s area) of activation has been implicated in nearly every auditory or visual 
study requiring an analysis of word meaning. [15.] Although Wernicke’s area is also known to be associated with 
semantics , this area is associated with more complex semantic processing than the automatic access of single word 
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naming [15]. 

Thus, it could be that early temporal lobe activation found during Kanji word naming is associated with input 
phonology, that is, recoding of phonology from the visually presented two-character Kanji words takes place in this 
area. Late left inferior frontal area of activation, on the other hand, may be associated with either output phonology, or 
semantics or perhaps both. The experimental task itself in this study was not an overt word naming task, but once the 
system is activated, it also activates more or less automatically other functions such as output phonology (i.e., preparing 
articulation) or semantics. Especially it is assumed that there is a strong link between Kanji characters/words and 
semantics. 
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Introduction 

Animal studies and psychological and cognitive deficits with brain lesioned patients have demonstrated 
that complex objects and especially faces are potent stimuli. Recent PET and fMRI studies have identified well 
circumscribed brain areas in normal human subjects which are activated differentially by faces, e.g., fusiform 
and inferior temporal gyri, including adjacent cortex within occipitotemporal sulci [1, 2, 3, 4]. Recent EEC [5] 
and MEG studies [6, 7] have also confirmed this using partial or whole head coverage. These earlier studies 
however relied heavily on averaging across subjects and/or trials, and employed simple and crude models for 
source estimates at the peak of the signals. We have used complex objects including human faces as stimuli in 
a visual object recognition task. Two identical experiments were performed with two different MEG systems. 
Results from the analysis of the average data (5 subjects) from the first experiment have been reported else¬ 
where [8]. In this paper we report the first detailed single trial analysis from the second experiment for one 
subject. We find no face-specific area as such, but instead areas like the fusiform gyrus (FG) are activated by 
each complex object at roughly similar latencies and varying strengths. 

Methods 

In an earlier experiment we have used the BTi twin MAGNES system (2 x 37 channels) with lateral 
dewar positions and five subjects. In this experiment, we have used the BTi whole head system (148 channels) to 
record MEG signals using the same visual object recognition task. Three healthy right handed male volunteers 
participated in the experiment. During the recordings, the stimuli were delivered to a magnetically shielded 
room via optical fibers to a screen, which was about 45 cm in front of the subjects and the visual angle was 
about 6x4°. The stimuli were black and white photographs of 6 categories of living and non-living objects: 
flowers and chairs (front and whole view), birds (side and whole view), faces (Ekman and Friesens set of facial 
affect), horse heads and lorries (front view). In each object category, 30 different images were used and presented 
randomly: an image appeared on the center of the screen for 500 ms, 1 sec later an option list with the category 
names of the objects was shown and the subject was asked to name the object verbally as soon as the option 
list appeared. An operator recorded the response for later analysis. The MEG signal was recorded in epoch 
mode as a segment beginning 200 ms before the onset of each image for 1.2 sec. 

The contamination of heart and eye movements were first removed from the MEG signal; all remaining 
single trial signals were visually reexamined and trials suspected of artifacts were rejected. After this processing, 
27 trials of faces, 26 of chairs, 28 of horses and 29 each of birds, flowers and lorries remained. The data were 
then band-pass filtered from DC to 45 Hz and separate averages were constructed for each object category. 

All the average and single trial signals for each object category (-100 to 600 ms, at a step of 1.97 ms) were 
analyzed using magnetic field tomography (MFT). MFT produces probabilistic estimates for the (non-silent) 
primary current density vector J p (r,f) from a given distribution of MEG data [9]. For this work, we have used 
separate MFT computations for the left and right hemisphere: 50 channels from each hemisphere (covering the 
subject’s temporal and parietal areas well) were used with hemispherical source spaces, one for the left and one 
for the right hemisphere (see Fig. 1). An automatic program was used to scan through the MFT solutions and 
identify areas of strong independent activity, and group such activations across latencies and trials into clusters. 
The centers of these clusters were taken as the centers of regions of interest (ROIs), each defined as a spherical 
region of radius 1.2 cm. Therefore in our analysis ROIs were defined on functional criteria. As an example, Fig. 
1 highlights the ROI definitions for the left and right FG, respectively. 

The extraction of temporal sequence from MFT solutions is direct b ecause the meth od is applied to 
each timeslice separately. The activation curves for the ROIs (M{t) = f RO j \/J p (r, t) • J p (r, t) d 3 r) can then be 
computed and plotted as a function of time [10]. For each ROI, a target distribution is made up by all the single 
trial values from one object category at one latency. The Kolmogorov-Smirnov (KS) test is then used in two 
ways, each with a different reference distribution: one is made up by all the single trial values at all latencies 
from the same object category (auto-comparison), another is made up by all the single trial values at the same 
latency from all object categories except the target one (cross-comparison). With these two comparisons, we 
have identified both whether a ROI activity is object-specific, and when such a specificity occurs. 
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Fig. 1: The sensor locations and source space definition used for the MFT estimates: * denotes sensors, white 
lines (in the coronal and axial views) and big circles (in the sagittal views) show display cuts for the left and 
right hemispherical source spaces. Small circles represent the ROI for the left and right FGs. 


Results 

All the subjects accomplished the task accurately without any difficulty. In the earlier study using the 
twin system, the preferential activation to faces was identified in the right superior temporal cortex at around 
170-220 ms. Using the whole head system with much better head coverage, activities in occipital, temporal, 
parietal, frontal, somatomotor as well as cerebellum regions were identified. The automatic identification of 
ROIs produced over 20 regions in each hemisphere, many in pairs of homologous activations on the left and the 
right; we have defined 28 ROIs in each hemisphere (see Fig. 2). The activation curves was computed within 
each ROI for each trial in each object category. Fig. 2 shows the results of the auto-comparison for faces: in 
the left hemisphere, the significant ROI activity first occurred around the areas at end of lateral sulcus and 
supramaginal gyrus (around 110 ms), then soon in the areas of FG (125 to 175 ms), between middle and inferior 
occipital gyrus (130 to 170 ms), anterior occipital sulcus (130 to 150 ms), lateral occipital sulcus (135 to 155 
ms) and cerebellum (135 to 175 ms); areas of amygdala, cuneus, superior and middle temporal gyrus posterior 
part, inferior temporal and frontal gyri were also significantly activated for a short time period between 135 
and 165 ms. Most of these areas activated again later between 200 and 400 ms; in the case of FG, the area 
was active again between 240 and 265 ms. In the right hemisphere, the first significant ROI activity was found 
around the VI area (between calcarine sulcus and lingual gyrus posterior, 125 to 138 ms), followed by areas of 
middle and inferior occipital gyrus (140 to 185 ms), transverse occipital sulcus (145 to 190 ms), lateral occipital 
sulcus (145 to 190 ms). The border area among the anterior part of lingual gyrus, calcarine sulcus and parietal 
occipital sulcus was also activated around 150 to 180 ms. Around this similar period of time, areas of FG, 
cuneus and cerebellum also showed significant activity. Between 200 to 400 ms, unlike the left hemisphere, most 
of the previously significantly activated areas did not show strong and significant activity, instead areas around 
superior temporal gyrus anterior and subcentral gyrus showed significant ROI activity. 



Fig. 2: Auto-comparison for face recognition: the KS test for all the 28 ROIs in the left and right hemispheres 
as a function of time (50 to 400 ms). A latency is marked only if, in at least two consecutive timeslic.es, the KS 
test produces p < 0.01 (empty dots) or p < 0.005 (filled dots). Horizontal and vertical lines aid to follow the 
ROI and time, respectively. 

To determine whether the FGs are face-specific, we applied the auto-comparison to the other 5 object 
categories. Fig. 3 shows the time segments of significant activation in the left and right FG for all the 6 object 
categories: for the left FG, at around 150 ms, 4 object categories showed significant activations (face: 125 to 
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175 ms, bird: 135 to 160 ms, horse: 125 to 160 ms and lorry: 135 to 165 ms), while the other 2 object categories 
showed discrete and shorter significant activity (chair: around 130 and 165 ms and flower: 180 to 185 ms). 
Between 200 and 300 ms, the 6 objects except birds and horses activated again significantly (e.g., face: 242 to 
260 ms). It is interesting to note the respective early and late significant activation for the lorries (75 to 95 ms) 
and the flowers (370-380 ms). In comparison, the significant activation started a bit later in the the right FG 
than the left one (except the flowers). Between 130 and 180 ms, 3 object categories (face: 155 to 180 ms, chair: 
150 to 170 ms and horse: 155 to 170 ms) showed higher and birds (130 to 145 ms, 145 to 160 ms) showed lower 
significant activations. Two of the above 4 objects (horses and chairs) and flowers activated significantly again 
around 250 ms. 
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Fig. 3: Auto-comparison for all the 6 object recognition in the left and right FG (50 to 400 ms). A latency is 
marked only if, in at least two consecutive timeslices, the KS test produces p < 0.01 (light short vertical lines) 
or p < 0.005 (heavy short vertical lines). The length of the lines is determined by the mean strength of the 
ROI activity across all the single trials in each object category (also shown as a solid continuous curve, and the 
corresponding standard deviation (stdev) is shown as a dashed curve). The representation for each object is 
normalized separately, with the range of the mean (arbitrary unit) and stdev values printed in the text. The 
horizontal straight lines mark the zero line for the mean and stdev, and the vertical ones mark the time every 
100 ms. 

Fig. 4 shows the results of the cross-comparison between the distribution of ROI activity in all the single 
trials for a target category versus the rest: for the left FG, the faces showed significant activation between 135 
and 150 ms, while the other 2 objects (birds and lorries) showed early significant activations. In comparison, 
the right FG showed no significant activation for all the 6 objects between 100 and 200 ms, only around 250 ms 
the 4 objects (birds, chairs, flowers and horses) rather than the faces showed significant activation. Among the 
28 ROIs, the areas showing preference for faces from our cross-comparison are as follows: in the left hemisphere, 
middle/inferior occipital gyrus (130-160, 370-390 ms), lateral occipital sulcus (135-145, 220-240 ms), superior 
temporal gyrus anterior (295-310 ms) and posterior part (200-215 ms), inferior temporal gyrus (255-275 ms), 
angular gyrus (330-380 ms) and supramarginal gyrus (110-140 ms), while in the right hemisphere, superior 
temporal gyrus anterior part (260-290 ms), transverse occipital gyrus (365-380 ms) and middle temporal gyrus 
(340-370 ms). 

Discussion 

In many other studies, the FG has been reported to be a face specific area. We find that it is activated 
significantly and in roughly the same time period by all objects; the MFT solutions extracted from the average 
signals (not shown in the figures) showed peak activation in both the left and right, FG earlier for the faces 
(left/right: 148/138 ms) than the other 5 objects (left/right: birds 158/158 ms, flowers 159/252 ms, horses 
152/227 ms, chairs 150/152 ms and lorries 232/238 ms). As we expected from our earlier single trial analysis 
[11], activity observed in the average signal was not identified in each and every single trial. For example, in 
the face category 18 out of the 27 single trials showed significant activations in the FGs between 130 and 260 
ms. Activity in the same area was also seen at much earlier and later latencies. 

Our analysis is qualitatively and quantitatively different from previous studies: we produce an analogical 
image of activation throughout the brain for each single trial, millisecond by millisecond. ROIs with significant 
activations are identified in terms of functional criteria and labeled according to their anatomical location. 
Activations over time from each ROI are computed which allow us to deduce significant changes in time both 
within and across conditions. It, is in this context that the main finding of this study, namely the activation 
of the FGs in all tasks must be viewed. The association of FG activity with processing of complex objects in 
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Fig. 4: Cross-comparison for all the 6 object recognition in the left and right FG (50 to 400 ms). A latency 
is marked only if, in at least two consecutive timeslices, the KS test produces p < 0.05 (light short vertical 
lines) and p < 0.01 (heavy short vertical lines). The solid (dashed) continuous curves are for the mean (stdev) 
strength of the ROI activity across all the single trials in the target object category. The meaning of all the 
other attributes for lines is the same as in Fig. 3. 

general is consistent with the conclusions of a recent fMRI study by Gauthier et. al. [12]; they also showed that 
face-specific areas such as the FGs can also be activated by objects when tasks require processing at a more 
subordinate level (e.g., sparrow) rather than a basic level (e.g., bird). Our results suggest that the FG, together 
with many other areas, are activated whenever a complex visual stimulus is processed, even at the minimal level 
required by the task in our study. Any specialization for faces (e.g. our FG result with the cross-comparison in 
the left hemisphere) reflects a quantitative rather than a qualitative change of activity. 
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Introduction 

Magnetoencephalography (MEG), used for the non-invasive measurement of neuromagnetic fields and lo¬ 
cating electric sources of cerebral neural activity, is increasingly used to evaluate the higher functions in the human 
brain. Recently, a whole-head neuromagnetometer has proven to be a powerful tool for functional localization! 1 ]. 
Delayed paired comparison tasks and delayed-match tasks are frequently used to study short-term memory processes 
in the monkey brain[2], as well as in the human brain. Some studies on MEG measurements were reported[3-4]. These 
studies, however, focused on the recognition processes of visually presented characters or visuospatial patterns. Our 
study focused on the retention of short-term visual memory in human subjects. Visually evoked brain magnetic fields 
associated with a delayed paired comparison task were measured. The objective of this study is to obtain functional 
information related to the short-term visual memory processes, especially the storage process, in the human brain. 


Methods 

Subjects 

Six healthy Japanese volunteers (5 males and 1 female, 23 - 33 years old, all right-handed) took part in this 
experiment. 

Stimuli and Tasks 

Figure I shows a schematic illustration of a stimulus sequence, in a delayed paired comparison task. Each 
trial consisted of a pair of circles with different colors (blue, red, green, and orange) in each quadrant. The paired 
circles were present in the central visual field on a screen placed 45 cm from the subject’s eyes. The visual angle of a 
circle was 6.7 degrees. The first stimulus (SAMPLE) was presented for 50 ms. After a constant period of 3.0 s, the 
second stimulus (TEST) was presented for 100 ms. The subject was instructed to react immediately after the third 
stimulus (MARK) which was presented 1.5 s after the TEST. The inter-trial interval varied randomly from 1.8 s and 
2.2 s. The subjects were requested to fix their eyes on the fixation point during the recording period. Two experiments 
were performed with separate tasks; a memory task and a control task. In the memory task, subjects were requested to 
move the index finger when the TEST was identical to the SAMPLE, and the middle finger when it was different. In 
the control task, the subjects were instructed to ignore the SAMPLE, and to alternately move the index or middle finger 
immediately after the MARK. The percentage of the correct answers in the total trials was calculated. 

Recordings 

Recordings of event-related magnetic fields were carried out in a magnetically shielded room using a 122- 
channel whole-head neuromagnetometer (Neuromag-122™; Neuromag Ltd., Finland). The visual stimuli were deliv¬ 
ered from a LCD projector located outside the shielded room through an optical fiber bundle. During recording, the 
subjects sat in a chair with their bodies fixed in a vacuum-cast. The vertical electro-oculogram (EOG) was recorded 
with infra- and supraorbital electrodes to monitor artifacts from eye blinks and eye movements. 

The magnetic data were sampled at 0.5 kHz after band-pass-filtering between 0.03 Hz and 100 Hz, and then 
the trials with correct answers were averaged more than 100. Any epoch coinciding with magnetic signals exceeding 
3,000 fT/cm and/or a vertical EOG deflections beyond 150 pV were rejected from further analysis. The averaged 
responses were digitally low-pass-filtered at 40 Hz. The analysis time was 4.2 s from 0.2 s prior to the SAMPLE onset. 
The average of 0.2 s pre-SAMPLE period served as the baseline. 

Source Analysis 

We used a single-dipole model in source estimations. The localization of equivalent current dipoles (ECDs) 
was based on the spherical conductor model, which takes into account the volume current within the sphere. The 
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Fig. 1 Schematic illustration of a stimulus sequence. In the memory task, subjects were requested to move the 
index finger when the TEST was identical to the SAMPLE, and the middle finger when they differed. In the control 
task, the subjects were instructed to ignore the SAMPLE, and to move the index or middle finger alternately. 



Fig. 2 Magnetic wave forms from 122 channel (SI) in response to the memory task (solid) and the control task 
(dashed), projected on the top view of the head. The channels showing the extremely low frequency component are 
enlarged. Vertical bars indicate the SAMPLE and TEST onset. 


radius and the center of the sphere were determined by fitting a sphere to the surface points of the cortex. We deter¬ 
mined the active brain areas between 50 ms and 2500 ms by first localizing single ECDs, in various local regions of a 
spherical head model. Among calculated ECDs, those having goodness-of-fit > 80% [5] and with 95%-confidence 
volume < 268 mm ? (corresponding to the volume of a 4-mm radius sphere) were selected. The source location was 
registered in each subject’s magnetic resonance images. 


Results 

Task performance 

The percentage of correct answers during the memory task were greater than 90% in all subjects. The 
average score for all subjects was 95.2 %, which indicates that the subjects correctly performed the task. 
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Fig. 3. ECDs near the Calcarine sulcus of Subject SI at 123ms, projected on his magnetic resonance images. The 
left magnetic resonance image is the coronal section, and the right is the sagittal section. L = left, R = right, A = 
anterior, and P = posterior. 





Subject S4 (ch 8) Subject S5 (ch 107) Subject S6 (ch 58) 

-control task 200 fT/cm 

- memory task - - - 


Fig.4. Response wave forms showing the extremely low frequency components. The locations of each channel are 
indicated in Figure 3 


Neuromagnetic data 

Figure 2 shows the magnetic wave forms of one subject (SI) at all 122 channels. At 50 - 200 ms, strong 
signals were observed in the occipital area. The peak latencies nor the peak amplitudes did not result in significant 
differences between the memory task and the control task. At 50 -200 ms, ECDs were localized in the striate and 
extrastriate cortices in both hemispheres (Fig. 3). 

Extremely low frequency components of brain magnetic fields were observed in the temporal and / or 
occipital areas of all subjects in the latency range after 500 ms. In the contrast, these components were not seen in the 
control task in the memory task. Figure 4 shows wave forms showing the extremely low frequency component in each 
subject. ECDs for the low frequency components were localized in the latency between 500 and 2500 ms. Figure 5 
shows ECD locations of subjects SI overlaid on his MR images. ECDs were primarily localized near the fusiform 
gyrus (five out of six subjects in the left and right hemispheres), the lingual gyrus (five subjects in the left and right 
hemispheres ), the superior temporal sulcus (four subjects in the left and right hemisphere), the angular gyrus (three 
subjects in the left hemisphere, two subjects in the right hemisphere), and the posterior part of the cingulate gyrus 
(three subjects in the left and right hemisphere). 


Discussion 

In this study, we noted the extremely low frequency components observed in the latency range after 500 ms 
in the memory task. Yoshida et al. also reported similar low frequency components elicited by the Sternberg task[6]. 
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Fig. 5. Estimated ECDs for the extremely low frequency component observed in the memory task, in the latency 
range between 500 - 2500 ms (Subject SI). 

Contingent magnetic variation (CMV) should be observed in both the memory and the control tasks[7], because an 
interval between the SAMPLE and the TEST was constant. However, our results show that the extremely low fre¬ 
quency components were seen only in the memory task. We considered therefore these extremely low frequency 
components reflected the storage processes of the visual short-term memory. 

Sources of the extremely low frequency components were primarily estimated around the inferior part of the 
occipital lobe, the junction between the left temporal and occipital lobe, and the posterior part of the left superior 
temporal sulcus. In general, the sources for the low frequency components were localized in the visual cortex and/or 
the posterior temporal region. Our results support Kaufman et al. who demonstrated that the visual cortex was actively 
engaged in searching visual memory[8]. It appears that both the visual cortex and the posterior temporal region are 
engaged in the storage process of the visual short-term memory. 
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INTRODUCTION 

In recent years means to noninvasively measure the physiological function of the human brain have 
remarkablly progressed. Magnetoencephalography (MEG) is one of those techniques which enables us to detect the 
neuromagnetic activity through SQUID sensors. It has some advantages over other techniques such as 
electroencephalography (EEG), functional magnetic resonance imaging (f- MRI) and positron emission tomography 
(PET). In fact, MEG is less vulnerable to signal distortion due to brain tissues than EEG. Furthermore, its temporal 
resolution is in the millisecond range, which is better than that of metabolism- based measurement techniques such 
as PET and f-MRI. 

In the present paper we studied responses of the brain to a multimodal stimulus using MEG in combination 
with MRI imaging. Responses of the brain to a single modal stimulus such as a light flash, a visual pattern and a 
sound have been reported in many literatures and their origins were estimated in the primary cortex by using 
MEG[1][2]. In the paper, in contrast, neuromagnetic responses were measured when a visual and an auditory signals 
were simultaneously given to a subject, and, by analyzing spatio- temporal patterns of MEG, time course of activated 
regions in the brain were investigated. Moreover, MEG responses were discussed in relation to subjects’ attention. 

METHODS 

In a dark, magnetically shielded room, a subject was seated in a chair with the head positioned closely to the 
sensors of the CTF’s 64-channel whole cortex type MEG system (Figure 1). 

In front of the subject, a couple of light emission diodes (LEDs) were located with the distance of 190cm 
from the eyes. The distance between the two LEDs was about 5.7cm. One LED (yellow) was an indicator for eye 
fixation and it was always lit. The other was a dichotic color LED (red and green) which was located below- left of 
the fixation point. It flashed in either of the colors for 20ms with random intervals between 1500- 2000ms. 
Frequency of each color was 50% and its order was randomized. Synchronized with the light flash, pure tone of 
either 1kHz or 2kHz was binaurally applied to the subject’s ears for 20ms through plastic tubes terminating in high- 
quality insert earphones (Cabot Inc., USA). Frequency of each tone was 50% and its order was randomized, which 
was statistically independent of the light color randomization. The subject was instructed to pay attention to a 
specified combination of the light color and the tone pitch (called "target") by mentally counting the number of its 
occurrences. 

Neuromagnetic fields were detected at 625Hz- sampling rate. Evoked MEGs were averaged for each 
combination of light and tone. Thereafter, their offsets were adjusted for a 100ms- pretrigger period and the results 
were band-pass filtered (0.01- 30Hz) for noise reduction. For each combination of light and tone, 40 responses were 
averaged to obtain the event- related field (ERF). 

Following the experimental sessions, multi- dipole estimations were carried out based on the Grynszpan- 
Geselowitz’s equaqtion. In order to show the corresponding locations in the brain, the coordinates of the estimated 
dipoles were overlaid on the subject’s MRI which was T1 weighted to emphasize anatomy. 

RESULTS 

Figure 2 shows ERFs detected by some sensors on the right hemisphere for all four combinations of light 
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Figure 2. Neuromagnetic fields on the 
right hemisphere when the combination 
of green light and 1kHz tone was 
specified as the target. Triggering events 
are: (l)green and 1kHz, (2)red and 1kHz, 
(3)green and 2kHz, and (4)red and 2kHz. 


(1) 


green 


red 


1kHz 


2 kHz 


(3) 


green 


red 


1kHz 


2 kHz 



green 

red 

1kHz 

1 

3 

2kHz 

■ 

1 

(4) 



green 

red 

1kHz 

• 

1 

2kHz 

1 

3 


Figure 3. Difference scores for all 
possible target combinations of color and 
pitch. Targets are: (l)green and 1kHz, 
(2)red and 1kHz, (3)green and 2kHz, and 
(4)red and 2kHz. 
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and tone where the combination of green light and 1kHz tone was specified as the target. In every case, there exists 
a notable peak around the latency time of 100ms. However, there are differences in late components (later than 
400ms). Comparing the signal for the target with that for the non- target which means the combination of red light 
and 2kHz tone where neither color nor pitch coincides with that of the target, the difference is the most remarkable. 
In semi- target cases where only either of light and tone coincides with that of the taget, moderate differences from 
the non- target are observed. 

The difference in the late component was then evaluated and given a score scaling 0 (no difference) through 
3 (maximum difference) according to its amount. Figure 3 shows the scores for all possible target combinations of 
color and pitch including the case shown in Figure 2. 

In Figure 4, the estimated locations of dipoles at 93.2ms are overlaid on MRI. The estimation error was 
4.0%. Although the three dilpoles are not exactly on the same slice, they are plotted on one slice for convenience 
because they are located on three consecutive slices (each slice has 1mm- thickness) and differences would be slight 
if they are projected on the middle slice. The three dipoles are located in the left and right auditory areas and in the 
right visual area, respectively. The situation was similar to this in 80-110ms. However, in 110- 150ms, in addition to 
these three dipoles, an additional dipole was estimated in the limbic system or the basal gangulia (Figure 5). Then, 
after 150ms, dipoles in the visual and auditory areas are no longer detected, but multiple dipoles were located in the 
superior and/or middle temporal gylus. 

DISCUSSIONS 

The experimental procedure in this study constitutes a paradigm known as the "odd-ball paradigm" in which 
some features of human response to environment such as novelty detection and attention paying can be 
physiologically observed, because target appearance was randomized with the frequency of 25% and the subject was 
required to pay attention to it by mental counting in the present task. The brain response to the targets, however, 
becomes faint or disappears as the task becomes too easy to be performed or the target occurrence becomes more 
frequent[3]. 

The results show that the late component of MEG is prominent for the targets compared with non- targets 
and semi- targets in all possible combination of visual and auditory stimuli. Therefore, in the case of bimodal inputs, 
the task can be regarded as the odd- ball task and the late component of ERF corresponds to P300 which is usually 
observed in a single modal odd-ball task. The latency delay observed in the bimodal ERF (about 100ms) would be 
explained as follows: More complicated processing is required in performing the bimodal task. The result that for 
the semi- targets moderate amount of late components were observed shows they reflect mental load imposed by the 
task. 

As to the early component (around 100ms), the neuromagnetic field was well fitted by three dipoles. Their 
locations were estimated in the left and right auditory areas and in the right visual area, showing that at this stage 
each input signal is processed in its specific cortical area. The results for 110- 150ms shows some neuronal activities 
in the limbic system and the basal ganglia, but their relationship to the underlying information processing is unclear 
despite potential reciprocal connection between visual cortex and the basal ganglia[4] 

One of the origins of P300m is reported to be in the hippocampus[5]. But in this study the origins of the late 
components were not necessarily estimated there. Further investigations would be necessary on the origin. 

REFERENCES 

[lJRogers RL, Baumann SB, Papanicolaou AC, Burbon TW, Alagarsamy S, Eisenberg HM: Localization of the P3 
sources using magnetoencephalography and magnetic resonance imaging. Electroencephal and Clin Neurophysiol 
79:308-321,1991 

[2] Rogers RL, Papanicolaou AC, Baumann SB, Eisenberg HM: Neuromagnetic evoked visual fields following 
infrequent stimulus, Hoke H, et al(eds): Biomagnetism: Clinical aspects. Amsterdam: Elsevier Science Publishers, 
1992, pp203-206 

[3] Duncan-Johnson CC, Donchin E: On quantifying surprise: The variation of event-related potentials with 
subjective probability. Psychophysiol 14: 456-467, 1977 


702 





Figure 5. Estimated location of 
a dipole in the limbic system 
(hippocampus) at 117.2ms. 
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Introduction 

Neuropsychological studies indicated that patients with pure alexia usually showed preserved ability of reading 
numbers in contrast with their impairment of reading letters or words [1]. In studies with Japanese patients, dissociation 
of ability to read Kanji (ideogram) and Kana (syllabogram) was reported. It is supposed that neural organization for 
reading various types of letters, numbers or non-letter symbols are different in the human brain. 

Recent studies have increasingly focused on non-invasive measurements of brain activity related to visual or 
auditory linguistic stimuli [2,3]. They suggested that inferior occipito-temporal areas are involved with processing of 
visually presented linguistic stimuli. It remains unknown, however, whether these activities are related to visual 
perception itself or higher order association processes for reading. 

In this study, we used whole-head MEG system and compared spatio-temporal pattern of brain activities evoked 
by visually presented letter and non-letter stimuli. We aimed to test the hypothesis that spatio-temporal brain activities 
involved in processing visually presented letter and non-letter stimuli could be dissociable. 

Methods 

Subjects are 4 healthy native Japanese speakers. They are all right-handed with Edinburgh handedness inventory 
[4]. Two females and two males of 25 to 28 years (mean; 26.3, SD; 1.3) were included. Visual stimuli were consisted 
of three types of letters; Kanji, Kana and Arabic numerals, and non-letter symbols. Twenty one stimuli were included in 
the categories of Kanji, Kana and symbol, and eleven stimuli were included in the category of number (Fig. 1). One 
target stimulus was included in each category. Stimuli were projected to a screen 180 cm apart from a subject's eye, and 
presented 5 cm left or right of a fixation index located at the center of the subjects' visual field. Size of each stimulus 
was within 5 cm height by 5 cm width. Each stimulus was presented with 100 ms duration and 1 s inter-stimulus 
interval. In each session of measurement, subjects sat on a chair in a darkened magnetically shielded room, and 
continuously saw stimuli from one category. Three subjects were masked the left eye and another one the right. They 
were asked to gaze the fixation index and to count the number of target stimuli. 

Neuromagnetic responses were measured with a 122 channel magnetometer system (Neuromag Ltd.) with planner 
type of SQUID (Superconducting Quantum Interference Device) sensors. Sampling rate of the measurements was 1264 
Hz, and a band pass filter of 0.03 - 300 Hz was used at the measurements. One hundred responses between 50 ms pre¬ 
stimulus baseline and 900 ms after the stimulus onset were averaged for each stimulus category and for each stimulation 
side. Digital filter of 3 Hz - 40 Hz was applied to all the evoked data. 

Source analyses were applied to 4 major peak responses observed up to 400 ms after the stimulus onset. A best 
fit sphere model of each subject's head was estimated from each subject's magnetic resonance image (MRI), and single or 
multiple equivalent current dipole (ECD) model was applied to this spherical conductor model. For single dipole fitting, 
at least 18 channels including maximal response were used and dipoles with goodness of fit of 90 % or higher were 
accepted as reliable estimation. For multi-dipole fitting, two to four dipoles whose locations were previously estimated 
by single dipole fitting were simultaneously analyzed over the whole head. Finally, estimated ECD locations were 
superimposed to the subject's MRI for each latency. ECDs superimposed to deep structure like thalamus or white matter 
were removed from further analyses. 

T1-weighted MRI of each subject's brain was obtained in the same day. MRI scanner was 1.5T Signa Horizon 
(GE Medical Systems). One hundred and twenty four continuous slices with 1.5 mm thickness were reconstructed to a 
three-dimensional brain image. On the MRI scan, three small oil-containing capsules were attached to the subject's 
nasion and the left and right preauricular points. Locations of these capsules were visually identified on the MRIs to 
determine a coordinate system of the MRI which is the same as the MEG data. 

Results 

In both letter and non-letter conditions, several major responses were found in occipital and occipito-temporal 
areas up to 400 ms (Fig. 2). In these responses, clear peaks were observed in the following time range; (1) around 100 
ms, (2) 140-160 ms, (3) 200-230 ms, and (4) about 300-360 ms. These MEG signals were relatively predominant in a 
contralateral hemisphere to the stimulated visual hemi-field. That is, amplitudes and spatial extent of MEG signals were 
larger in the right hemisphere when the stimuli were presented to the left visual hemi-field, and vice versa. In general, 
waveforms were similar among the letter and non-letter stimuli. The peak amplitudes for number and symbol stimuli 
tended to be smaller than those for Kanji/Kana stimuli (Fig. 3). 
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Table l summarizes spatio-temporal distribution of ECD locations over the all subjects which are classified into 
6 areas of the brain (see Fig. 4), i.e., A; area from occipital pole to medial occipital region including the calcarin 
fissure, B; inferior occipito-temporal area along with the lingual, fusiform, and parahippocampal gyri, C; middle part of 
lateral occipital lobe, D; superior occipito-parietal area which refers to upper part of lateral occipital lobe and occipito¬ 
parietal junction, E; perisylvian area including superior temporal gyrus, supramarginal gyrus and inferior parietal lobule, 
F; area around upper part of central sulcus. Since almost the same spatio-temporal patterns were observed for both left 
and right hemi-field stimulation, only the data from the left hemifield stimulation with better signal to noise ratio are 
presented in the table. The table shows that the more dipoles are located in the contralateral (right) hemisphere than in 
the ipsilateral one. It also demonstrates distinct characteristics of ECD distribution between each hemisphere. In the 
contralateral hemisphere, the earliest ECDs were constantly estimated around occipital pole or calcarin fissure around 
100 ms. Afterward, in the latency of 150, 220 and 320 ms, ECDs were distributed to the inferior and lateral occipital 
areas and surrounding regions in the contralateral hemisphere, and also the similar regions in the ipsilateral hemisphere 
for all kind of stimuli. ECD distribution of number and symbol stimuli showed additional activities in superior 
occipito-parietal area in these latencies. In contrast, there was little activity up to 150 ms in the ipsilateral hemisphere. 

Fig. 4 shows a typical time course of the activities when Kanji stimuli were presented to the left visual field of 
one subject (a), and distributions of ECD locations among stimulus types at the latencies between 100 ms and 220 ms 
in the subject (b). Two of the four subjects showed this pattern of responses, but other two did not show the clearly 
different responses to Kana/Kanji and number/symbol stimuli. One subject showed constant activities only in the 
inferior occipital area for all kind of stimuli, and another showed middle occipital activities for all the stimuli. 

Discussion 

In the present study, we found clearly lateralized neuromagnetic responses depending on the stimulated visual 
hemi-field. These responses predominant in the contralateral hemisphere suggest that they are mainly related to primary 
or secondary visual processing of letter and non-letter stimuli rather than reading processes per se. 

Source location of these responses were estimated in primary visual area around 100 ms and in both inferior 
occipito-temporal and lateral occipital areas in the latencies of 150-400 ms. It seems that visual information first reaches 
at the primary visual area of the contralateral hemisphere with latency about 100 ms, then it transfers into secondary 
visual area in the same hemisphere with latency up to about 150 ms. Activities in the ipsilateral hemisphere with 
latencies after 150 or 220 ms may be caused by callosal transfer of the visual information into the secondary visual area 
on that side. Our data suggested the secondary visual processing occurred mainly in the inferior and lateral middle 
occipital areas for all the stimuli. Additionally, it also occurred in upper part of lateral occipital/occipito-parietal areas 
for number or symbol stimuli. Secondary visual processing seems to have slightly different anatomical correlates 
between Kanji/Kana and number/symbol stimuli. 

It has been proposed that processing of visual information is distributed in two different anatomical pathways [5]. 
One is a ventral occipito-temporal pathway which concerns visual form information, and another is a dorsolateral 
pathway which concerns visuo-spatial information. Our data showed constant activities both in the inferior occipito¬ 
temporal areas and in the middle part of lateral occipital areas. Visual perception of letter/non-letter stimuli seems to be 
performed not only in the ventral pathways but also extended areas of lateral occipital lobes. Additional activities of the 
occipito-parietal area for number and symbol stimuli suggest involvement of dorsolateral 'spatial' pathway in perception 
of number/symbol stimuli. 

In summary, our experimental data showed clear dominance in the contralateral hemisphere to stimulated visual 
hemi-field, and they seemed to reflect visual perceptive processes of letter and non-letter stimuli. Results from source 
analyses showed the both inferior and lateral occipital areas are involved with these processes. The results also supported 
an idea that processing of number or symbol stimuli is based on slightly different neural mechanisms from that for 
Kanji/Kana. 
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Figure 1. Stimuli for the category Kanji, Kana, Number and Symbol. Stimuli in parentheses refer to target stimuli. 
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Figure 2. MEG signals from 122 channels when Kanji stimuli were presented to (a) the left visual hemi-field and (b) the right 
hemi-field. Note the dominance in contralateral hemisphere to stimulation side. 



Figure 3. An overlay plot of the MEG signals for Kanji, Kana, Number and Symbol stimuli from an occipito-temporal channel. 
Location of the channel is indicated by an asterisk in Fig. 2a. 
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Table 1. Summary of spatio-temporal distribution of ECD locations over the all subjects (left hemi-field stimulation) 


Latency 
Mean SD 


Contralateral hemisphere to stimulation side 

A B C D E F 


Ipsilateral hemisphere to stimulation side 

ABC D E F 


Kana ® 119 ll **** 

© 155 4 

© 212 12 

© 325 13 * * 


*** 
* * * 


Kanji ® 102 15 

© 152 13 
© 211 6 
© 311 11 


*** 

**** 


Number ® 107 ll 
© 153 14 
© 222 ll 
© 318 23 


Symbol ©107 17 
© 154 9 

© 215 8 
© 311 16 


** 

*** 


The number of asterisks in one column refers to the total number of ECDs in one area at each latency for all the 
subjects (max. 4). Latencies are expressed in ms. A; occipital pole and medial occipital area, B; inferior occipito¬ 
temporal area, C; middle part of lateral occipital area, D; superior occipito-parietal area, E; perisylvian area, F; upper 
part of central sulcus. 



lO Kana 
p Kanji 
• Number 
!• Symbol 


Figure 4. Typical patterns of ECD locations in relation to MRI when stimuli were presented to left hemi-field of one 
subject, a) Three slices (one coronal and two sagittal) showing a time course of neural activities for Kanji stimuli. A-F 
refers to the location of the 6 regions used in Table 1. b) Coronal slices which show distribution of ECD locations 
among stimulus types at the latencies around 100, 150 and 220 ms. The figure demonstrates that ECDs locate at 
occipital pole in the contralateral hemisphere around 100 ms and at inferior or lateral occipital areas around 150 and 220 
ms. ECDs around 150 and 220 ms are bilaterally but predominant in the contralateral hemisphere. Note that ECDs for 
symbol and number stimuli tend to locate upper part of occipital lobe compared with those for Kanji/Kana. 
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Introduction 

Neuroimaging technique (PET/fMRI) and neuropsychological studies have revealed the cerebral areas essential 
for reading (1). However, temporal pattern of neuronal activities related to reading has been rarely studied (2)(3). In 
addition, clinical studies of patients with alexia suggested that reading processes can be impaired at several different 
stages. We measured evoked magnetic fields over the entire head during discriminating letter / non-letter stimuli in 
patients with pure alexia and controls to investigate temporal and spatial patterns of neuronal activities related to 
reading processes. 

Methods 

Four right-handed patients with cerebral infarction in the left medial occipital lobes participated in the study 
(Table 1). Lateral occipital lobes and parietal lobes were spared. Two patients showed incomplete right hemianopia 
and mild alexia (Case 1, 2) and the others had complete right hemianopia and alexia (Case 3, 4). Controls consisted 
of 4 right-handed healthy volunteers, 2 women and 2 men, who are native Japanese speakers. 

Table 1. Demographic data of the patients 


Case 

Sex 

Age 

Fu 

Li 

Lesions on the left side 

PH Sp Others 

Symptoms 

1 

F 

72 

+ 

+ 

+ 

- 

centrum semiovale 

RH, alexia, amnesia 

2 

F 

48 

+ 

+ 

+ 

+ 

- 

RH, alexia, amnesia 

3 

M 

60 

+ 

+ 

+ 

- 

basal ganglia 

RH, alexia, amnesia, visual agnosia 

4 

F 

83 

+ 

+ 

+ 

+ 

inf.,mid. temporal 

RH, alexia, amnesia, aphasia 


Fu = fusiform gyrus, Li = lingual gyrus, PH = parahippocampal gyrus, Sp = splenium of the corpus callosum, 
RH = right hemianopia 


Using a 122 channel magnetometer system (Neuromag-122, Neuromag Ltd., Helsinki), we measured visual 
evoked fields with letter and non-letter stimuli; Kanji (ideogram), Kana (syllabogram), Arabic numerals, and non¬ 
letter symbols. Subjects sat on a chair in a darkened magnetically shielded room, and were asked to count the 
number of a target stimulus previously mentioned. Twenty-one stimuli from one category including a target were 
projected on a screen one per second in random order. For the category of number, eleven stimuli were used. The 
screen was located about 180 cm in front of the subjects. All the stimuli were presented 5 cm left from a fixation 
point (about 2-degrees visual angle). Size of each stimulus was 5 cm height. Left eye was covered except one 
normal subject whose right eye was covered. 

Measurements were made with 1264 Hz of sampling rate and 0.03 - 300 Hz of band pass filter. One hundred 
responses were recorded between 50 ms pre-stimulus baseline and 900 ms after the stimulus onset and were averaged 
for each stimulus category. Digital filter of 3 Hz - 50 Hz was applied to all the evoked data. 

T1-weighted magnetic resonance image (MRI) of each subject's brain was obtained in the same day with 1.5T 
MRI scanner (Signa Horizon, GE Medical Systems). One hundred and twenty-four continuous slices with 1.5 mm 
thickness were reconstructed to a 3D brain image. Before the MRI scanning, three small oil-containing capsules 
were attached to the nasion and the bilateral preauricular points. Locations of these capsules were visually identified 
on the MRIs to fit the coordinate system of MRIs to that of MEG data. 
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The magnetic signals, synchronized to stimulus onsets, were averaged within each stimulus category, 
individually for each subject. Temporally or spatially distinct source areas were first identified with the help of 
isofield map patterns, estimated from the discrete values at the 122 sensors, for 400 ms following stimulus 
presentation. The equivalent current dipoles (ECDs) were determined from subsets of at least 18 sensors. A best fit 
sphere of each subject's head was estimated from each subject's MRI and single ECD model was applied by using 
this spherical conductor model. Dipoles with goodness of fit of 90 % or higher were superimposed to the subject's 
MRI. When a cluster of ECDs was found in restricted cortical area, we identified a latency of the activity as that 
with the highest ECD moment. ECDs superimposed to deep structure, thalamus or white matter, were excluded for 
the further analysis. 

Results 

In the patient group, major peaks up to 400 ms were only found in the right hemisphere with letter and 
non-letter stimuli. Figure 1 depicts the outputs of the 122 MEG sensors as a function of time over the whole head 
when the patient 1 was shown Kanji letters. In contrast, bilateral responses were detected after 150 ms in the control 
group despite the unilateral left hemifield stimulation (Fig. 4)(4). 

Activation up to 150 ms after letter and non-letter stimuli, ECDs were estimated in the right primary visual 
area in both groups. Thereafter, in all 4 patients, major ECDs were located in the right inferior occi pi to-temporal 
areas with Kanji and Kana stimuli (Fig.2,3). Transient activation with number stimuli was demonstrated in the left 
occipito-parietal area in 3 of 4 patients. In the control group, activation after 150 ms was located in bilateral inferior 
occi pi to-temporal areas (Fig. 5,6). ECDs for number or symbol stimuli tended to be estimated in parietal lobes or 
lateral occipito-temporal areas in controls. 

Although there was no clear difference in waveforms between the letter and non-letter stimuli in both 
groups, the amplitudes for number and symbol stimuli tended to be smaller than Kanji/Kana stimuli. 

Discussion 

We found clear difference in the evoked fields using letter discriminating tasks between patients with medial 
occipital lesions and normal controls. In the patient group, major peaks up to 400 ms were only found in the right 
hemisphere with letter and non-letter stimuli, while bilateral responses were detected in the control group in spite 
of the unilateral left hemifield stimulation. The left hemispheric activation in controls emerged after 200 ms and 
may be related to transcallosal neuronal activities. Estimated dipoles for these responses were located in the left 
medial and inferior occipital lobes, which were damaged in the patients. Thus these responses may be closely 
related to the left secondary visual areas where visual perception of letter forms might take place. Our findings fit 
well with the previous reports that ventral visual pathway participates in form perception (5). 

Some magnetoencephalographic studies dealt with "reading" processes using variety of tasks (2)(3). 
Neuronal activities related to "reading" processes should be different depending on the demand of each task. Our 
task was simple letter discrimination and may be dominantly associated with pattern recognition. That seems to be 
one of the reasons why letter and non-letter stimuli showed no clear difference in activation. The task that requires 
more semantic analysis could demonstrate dominant activities in the left hemisphere (2). 

In the classical theory, pure alexia was caused by the lesion in the corpus callosum and the left occipital 
lobe. Callosal lesion disconnects neuronal pathways between the right visual cortex and the left language area and 
the left occipital lesion affects visual input from the right hemifield. Although this explanation fits well with 
many cases with pure alexia, atypical cases cast some problems. Pure alexia with residual vision in the right 
hemifield was explained by the intrahemispheric disconnection to the language area. Our findings suggest, 
however, that not only the callosal disconnection from the right visual cortex to the left language area, but also 
the lesion in the left secondary visual area may be related to impaired recognition of letters. 
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Fig.l Waveforms in Case 1 indicate evoked responses in the right occipito-temporal areas 
to the left hemitield Kanji stimulation. 





Fig.2. Isofield maps from back in Case 1 indicate single-dipole pattern in the right hemisphere 
up to 400ms; left = 91 ms, middle = 160 ms, right = 272 ms 



Fig.3. Case 1. Coronal, axial and sagittal Tl-weighted MR images showing superimposed estimated dipoles 
with Kanji stimuli. Circles/squares and bars indicate dipole positions and orientations. Dipoles are localized in the 
medial occipital area only on the right side, white circles; 91 ms, black circles; 160 ms, squares; 272 ms 
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Fig.4 Waveforms in a control subject indicate evoked responses in the bilateral occipito-temporal 
areas to the left hemifield Kanji stimulation. 



Fig.5 Isofield maps from back in the same control subject indicate single-dipole pattern 
for the major peaks up to 400ms; left = 124 ms, right = 236 ms 



Fig.6 Coronal, axial and sagittal T1 -weighted MR images showing superimposed estimated dipoles 
with Kai\ji stimuli. Circles and bars indicate dipole positions and orientations. Dipoles are 
localized in the both medial occipital areas, white circle; 124 ms, black circles; 236 ms 
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Introduction 

Magnetoencephalography (MEG) involves recording the magnetic flux generated by intracellular electrical 
currents in large neuronal aggregates. Systematic variations in the strength of scalp-recorded magnetic flux recorded in 
the form of event-related fields (ERFs) are observed when regional neuronal activity rises above background levels. 
The estimated sources of ERFs can be superimposed on MRI scans in order to identify the anatomical regions where 
activity at a given point in time is responsible for the observed distribution of magnetic flux on the scalp. ERFs can be 
reliably elicited by experimentally controlled events, such as the presentation of auditory [7,9,12,20], and visual stimuli 
[e.g., 15] as well as during engagement in cognitive tasks [3,5,13,16-18,20]. In order for MEG to be able to provide 
information that can be used in surgical planning it is important to establish its capacity to reveal the location of brain 
areas that show activity uniquely related to certain key language functions. 

In this paper we present one approach for establishing the validity of MEG and magnetic source localization in 
verbal tasks. We compared the locations of estimated sources of magnetic activity during the time course of ERFs 
elicited by printed and spoken words in the context of two similar continuous recognition memory tasks. We 
anticipated that during the late ERF sources in both tasks would overlap to a great extent especially in temporal lobe 
regions. To the extent that these modeled sources are valid representations of locally elevated levels of neuronal 
population activity, their location would presumably indicate brain regions engaged in encoding those aspects of the 
language stimuli that are independent of the modality of presentation. To further ensure that activity sources observed 
during the visual word task were associated with brain activity related to specific aspects of linguistic analysis rather 
than activity related to simple visual analysis of the stimuli, MEG recordings were also performed during a face 
recognition task. We predicted that areas of overlap between the two word tasks should not contain any activity 
sources computed during the face recognition task. 

Methods 

Seven neurologically intact, right-handed adults, with no history of hearing deficit were tested in this study (five 
females and two males). All participants were native speakers of English. Mean age was 36 years (range: 26 to 38 
years). The participants were tested on two continuous recognition memory tasks involving words: one delivered in the 
visual and the second in the auditory modality. The same set of words was used in both word tasks. It consisted of 110 
abstract English nouns. The spoken words were produced by a native speaker of English with a flat intonation 
(duration between 300 and 750 ms, mean: 450 ms). A third continuous recognition task involving photographs of 
human faces was used as control. In the auditory task, the stimuli were arranged in ten lists of 20 words, 10 of which 
were repeated in every block (targets) mixed with ten new items (distractors). In the visual task five lists of 40 words 
were presented (20 targets and 20 distractors). The spoken words were delivered binaurally via two 5-m long plastic 
tubes terminating in ear inserts with an intensity of 80 dB SPL measured at the subject’s outer ear (A scale). Visual 
word stimuli subtended 1.0 to 4.0 degrees and 0.5 degrees of horizontal and vertical visual angle, respectively. 
Corresponding values for the face stimuli were 2.0 and 3.0 degrees, respectively. Exposure duration was set to 1 s. In 
all tasks, the interstimulus interval varied randomly between 4 and 6 s across trials. Participants were asked to lift their 
index finger whenever they detected a target (i.e., repeated) word or face. The responding hand was counterbalanced 
across participants. 

MEG recordings were performed in a magnetically shielded room (Vacuumschmelze GmbH) with a whole-head 
neuromagnetometer (Biomagnetic Technologies, Magnes WH 2500). Intrinsic noise in each channel was <10 fT / 
VHz. The signal was filtered on-line with a bandpass filter between 0.1 and 50 Hz and digitized with a sampling rate of 
250 samples per second starting 150 ms before, and continuing for 800 s after stimulus onset. To further reduce the 
amount of magnetic noise produced by remote sources, the MEG data were submitted to an adaptive noise reduction 
procedure that is part of the Biomagnetic Technologies Inc. signal analysis software. Artifact rejection was based on 
the EOG (50 pV threshold) and MEG recordings (3 pT threshold). A minimum of 75 MEG epochs were used to 
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calculate each averaged waveform. Finally, the averaged ERFs were digitally filtered with a low pass filter of 20 Hz to 
improve signal quality and adjusted relative to the mean amplitude in the 150 ms pre-stimulus period to remove DC- 
offset. 

The intracranial generators of the observed ERFs at successive 4-ms intervals were modeled as equivalent 
current dipoles (ECDs) by using a finite version of the non linear Levenberg-Marquardt algorithm [14]. ECD 
computation was restricted to those latency periods during which a single pair of magnetic flux extrema dominated the 
left and/or the right half of the head surface. For a given point in time, the dipole fitting algorithm was applied to the 
magnetic flux measurements obtained from a group of 35-40 magnetometers, always including both magnetic flux 
extrema. Source solutions were considered as satisfactory upon meeting three criteria: (1) a correlation coefficient of at 
least .93 between the observed and the “best” predicted magnetic field distribution, (2) a 95% confidence volume of 3 
cm 3 or smaller, and (3) a ratio of “signal” to “baseline” root mean square (RMS) of 2:1 or greater. The location of 
ECDs was computed in reference to a Cartesian coordinate system defined by a set of three anatomical landmarks 
(fiduciary points): the right and left external meatus and the nasion. MRIs (T1-weighted for subjects S2-S7, T2- 
weighted for SI) were available for all participants. Precise co-registration of the MEG coordinate system onto the 
MRI was achieved by aligning the MEG fiduciary points with high contrast cod liver oil capsules (3 mm in diameter) 
which were affixed to the subject’s nasion and inserted in the external meati prior to the MRI scan. 

Results 

As shown in Fig. 1, in the left hemisphere the majority of acceptable ECDs in the auditory task were found in the 
vicinity of the superior and middle temporal gyri, often extending dorso-caudally into the temporo-parietal junction (in 
the vicinity of the supramarginal gyrus). In the visual word task, acceptable ECDs were found in occipital areas during 
the initial 150-200 ms of the ERF waveform. Late ECDs were noted in the superior and middle temporal 



Fig. 1. Representative activity sources from 5 participants superimposed onto sagittal MRI scans chosen to 
demonstrate overlap between the two language tasks. White circles indicate sources obtained in the auditory task, 
whereas sources computed in the visual task are indicated by dark diamond shapes. Each image contains projected 
ECDs from four consecutive MRI slices covering a distance of 12 mm. 


gyms and in the temporo-parietal junction. In three participants ECDs in basal temporal cortices (in the vicinity of the 
fusiform gyms) were also observed. Sources located in medial temporal regions were found in five participants in the 
context of both language tasks. In general, sources were localized in homologous areas in the two hemispheres, 
although for a given area, right hemisphere sources were less likely to occur. 

In both language tasks, there were several instances in which ECDs computed within the same 200-ms window 
were localized in the same cortical area. The brain regions where overlapping sources were most commonly found 
across tasks can be seen on sagittal MRI scans in Fig. 1. In the face recognition task, ECDs computed during the first 
150-200 ms after stimulus onset were also found in similar locations as sources from the visual word task (occipital 
cortices). However, ERF sources that accounted for later activity were typically found in different areas across tasks: in 
the Faces task, left hemisphere sources were found in occipital and occipito-temporal areas, whereas right hemisphere 
sources were localized in basal temporal and occipito-temporal areas. 

Hemisphere differences were apparent in the number of late acceptable ECDs localized in each hemisphere 
during the entire ERF epoch. Inspection of the data reveals a consistent bias in favor of the left hemisphere, that was 
evident for all participants in the visual language task, and in 6/7 participants in the auditory language task (significant 
effect of Hemisphere, F(l,6) = 49.29, p < .0001). 

Discussion 

ECDs computed during the initial 150-200 ms of the ERF waveform were consistently localized in the vicinity of 
modality specific cortices depending on the task. Specifically, sources were found in the vicinity of the supratemporal 
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plane in the auditory task and in the mesial and caudal surface of the occipital lobe (Brodmann’s areas 17, 18, and 19) in 
the two visual tasks. In the word tasks the vast majority of sources were localized in temporal and temporo-parietal 
areas during later portions of the waveform. These included the posterior part of the superior and middle temporal gyri 
and the supramarginal gyrus. In this respect, our data are consistent with several lines of converging evidence including 
data from other imaging modalities [1,11], and lesion studies [e.g., 4]. There is also close agreement of our localization 
findings with at least two other MEG studies [5,13]. The close agreement between our results and data from previous 
investigations utilizing a variety of imaging modalities (i.e., PET, fMRI, and MEG using various neuromagnetometer 
types and magnetic source modeling approaches) suggests that the single ECD model used in this study can indeed 
provide valid functional localization information, despite its many conceptual and practical limitations. That this is 
indeed the case is further supported by our finding that regional overlap of estimated source locations was more notable 
for sources computed at comparable latencies in the two word recognition tasks. 

In addition to evidence for neocortical sources, our data showed ECDs in medial aspects of the temporal lobe, 
in the vicinity of the hippocampus and the parahippocampal gyrus. This finding was expected given the explicit 
memory requirements imposed by the two recognition tasks and in view of the well-established role of medial temporal 
lobe function in recent memory [e.g., 19]. The estimated locations of ECDs observed in the face recognition task are 
also consistent with the results of previous studies using a variety of imaging techniques including fMRI [e.g., 10], and 
MEG [6]. 

Perhaps the most striking finding of the present study is that ECDs computed within corresponding time 
periods in the two word tasks were localized in the same brain areas. Conversely, sources computed in the face 
recognition (control) task were never found in these areas. Areas of overlap included the posterior half of the superior 
temporal gyrus extending into adjacent temporo-parietal cortex, a region typically identified as Wernicke’s area on the 
basis of clinicopathological observations [2]. Another region of overlap in the location of ECDs across language tasks 
was found in the middle temporal gyrus (predominantly in its posterior half). Insofar as ERF sources reflect elevated 
levels of regional neuronal activation, these data are consistent with the notion that common areas in temporal and 
temporo-parietal cortex are engaged in the analysis of verbal input regardless of the modality of stimulation. 

Research that is now underway attempts to establish direct correlations with invasive localization methods, in 
order to determine the functional significance of areas identified with MEG for receptive language. Preliminary data 
from five patients who received intra- or extra-operative language mapping in addition to preoperative MEG language¬ 
testing suggest that areas that produce deficits when stimulated electrically coincide with clusters of ECDs obtained in 
the context of our word recognition tasks [8]. 
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Introduction 

The Gestalt psychologists argued that the brain builds up complete percepts 
which correspond most satisfactorily to objects in the real world, from details in the 
visual images by searching for and combining parts. Ambiguous figures which flip 
between a few possibilities, are objects for investigating the dynamics of the 
perception. The Necker cube is one of the best known ambiguous figures and a line 
drawing which stably appears to subjects to be a three-dimensional box without roof. 
There are many psychological studies on ambiguous figures[l ][2]. However, the 
neural substrate underlying the perception has remained unknown. 

Spatio-tempral resolution of magneto encephalography (MEG) is sensitive enough 
to measure neural process in the millisecond range. Furthermore, recently developed 
whole-cortex MEG systems enabled us to measure all brain areas at a time, without 
repositioning to record each area. In this report, using a whole-cortex MEG system, 
we investigated the active brain areas in normal subjects related to the Necker cube and 
a line drawing of a box. 


Methods 

External evoked neuromagnetic fields over a whole-head were recorded from six 
adults (4 males, 2 females) with no neurological disorders, using a 64-channel whole- 
head type MEG system (CTF Inc.,Canada) using first-order gradiometers with a 2.0 
cm coil diameter and a 5.0 cm baseline. Subjects were required to fixate their eyes on a 
cross at the center of stimuli projected on a screen. A liquid crystal projector(SHARP, 
XV-E400) which was set out of a magnetically shielded room was used to project 
stimuli generated by a personal computer on the screen. The visual stimuli were 
presented for 800 msec within visual fields of 1.5 degree. The appearance probability 
of each stimulus was 50%. MEG data of each subject were gathered separately for the 
Necker cube and the box. The time interval between offset of one stimulus and onset 
of the next was 2.5-3.5 sec. 

Relative position of the head of subject to those of MEG sensors was determined 
using coils attached to 3 landmark points (nasion and two preauricular points) 
identical to those used in MRI. MEGs were digitized every 1.6 msec at 12-bit accuracy 
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for 1 sec, beginning 100 msec before stimulus onset, and were bandpassed through a 
0 - 40Hz filter. Spatial gradient environmental noise cancellation of third order, off¬ 
line digital bandpass filtering of frequency range 0.5 - 30 Hz, and averaging over 55 
responses for the Necker cube and the box were also applied. Eye movement was 
checked by monitoring signals of EOG and MEGs from anterior MEG sensors. 

T1-weighted three-dimensional MRI scans were obtained for all the subjects 
using Super Scan (HITACHI MRH-500, 0.5 Tesla). Multi-dipole estimations were 
carried out to minimize the Grynszpan-Geselowitz’s estimation[3] error e defined by: 

64 

E(Xn - Ynf 

»=/ 

e =- 

64 

EXn 2 

n=l 


where X n is the magnitude of the neuromagnetic field at the nth sensor and Yn is 
calculated magnitude at the same sensor based on the theoretical model. The MRI head 
shape data were used to determine a fitting sphere of the theoretical source model of 
each subject. Coordinates of centers of the dipoles were overlaid on individual MRI to 
show the corresponding locations in the brain. 

Loci and strength of the equivalent current dipoles (ECDs) were estimated at each 
9.6 msec interval during the period 140-500 msec from the onset of stimuli. We 
accepted ECDs which cleared estimation error and durability criteria: the estimation 
errors for ECDs of one and two, three, and four-dipole models were set at <20%, 1 5% 
and 10%; ECDs were required to stay in a sphere with a diameter < 1 cm for longer 
than 9.6 msec. 


Results and Discussion 

Clear evoked magnetic waveforms in response to the Necker cube and the box 
were obtained from all the subjects. In all the subjects, the iso-magnetic field maps in 
response to the Necker cube were different at latencies longer than 350 msec as 
compared with those to the box (Fig. 1). 

The neuronal activity in visual cortex was observed approximately between 150 - 
250 msec from stimulus onset for both the stimuli. For the Necker cube, ECDs in the 
right inferior parietal lobe (IPL) were estimated between 350 - 500 msec (Fig. 2), on 
the other hand, no activity in the right IPL for the box during the time. 

The present results suggested that some specific neuronal processes were 
required for processing of the Necker cube. 
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Fig.1 Temporal change of the iso-magnetic field maps during the period between 350.4 msec and 504 msec. 
White area (+) shows the outward magnetic field, and hatched area shows the inward field. 
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Subj.A(369ms) Subj.B(417ms) 

Fig. 2 Sagittal MRIs superimposed by the gravity centers of the ECDs estimated in the right I PL 
for the Necker cube. White pixels represent the gravity centers. 

References 

[ I ] Necker L. A., The London and Edinburgh Philosophical Magazine and Journal of 
Science. 1,329-337 (1832). 

[2] Brown K., Am. J. Psychol. 68, 358-371 (1955). 

[3] Grynzpan F., & Geselowitz D.B., Biophys. J. 13, 91 1-925 (1973). 


719 





Human Face Perception 

Watanabe S 1 , Kakigi R 1 , Koyama S 1 , Kirino E 2 

Department of Integrative Physiology, 

National Institute for Physiological Sciences', Okazaki, Japan; 

Neuropsychology Laboratory, Veterans Administration Medical Center, West Haven, USA 

Introduction 

Face perception is a very important ability in humans, and many clinical studies of patients with prosopagnosia 
have been reported! 11- In normal subjects, there have been various reports concerning the processing of face perception 
using electroencephalography (EEG) recorded from the scalp [2,3], from the cortical surface |4| and from the intracerebral 
regions [51, magnctoenccphalography (MEG) [6,7], positron emission tomography (PET) [8,9] and functional magnetic- 
resonance imaging (IMRI) [ 10,11 ]. Bilateral hemispheres were activated in most reports, but some studies reported the 
dominance of the right hemisphere [I0[. As in animal studies [12,13], the importance of the superior temporal sulcus 
(STS) and the inferior temporal areas (IT) was reported. The objective of the present study was to determine the 
temporal and spatial information traces of face perception in humans by MEG and EEG. 

Subjects and Methods 

We studied twelve normal volunteers (3 females, 9 males) who ranged in age from 26 to 39 years (mean age, 
31.5 years) with normal or corrected visual acuity. MEG was measured with a 37-channel biomagnetometer (Magnes, 
BTi, San Diego, CA) (sec 114] for details). The probe was centered at the right occipito-temporal area in all subjects 
and at the left occipito-temporal area in 7 subjects. EEG was also recorded. Exploring electrodes were placed at Cz 
(vertex), T5 (left temporal area) and T6 (right temporal area) based on the International 10-20 System, and the chin is 
used as the reference. Responses of both MEG and EEG were recorded with a 0.1-50 Hz bandpass filter, and digitized 
at a sampling rate of 1041.7 Hz. 

We used basically the same stimuli as those described in previous reports [2,4], but changed them slightly to 
adapt them for MEG studies. Five different categories of stimuli, (I) Full face with opened eyes, (2) Full face with 
closed eyes, (3) Eyes, (4) Scrambled face, and (5) Human hand were used. All figures consisted of digitally scanned 
black and white photos. All of them were unfamiliar to the subjects. Each set of stimuli had 60 different pictures except 
for hand (30 pictures). Eyes were taken from faces used in this study. The subjects were asked to silently number hand 
and report the number after each session, to avoid the effects of attention on face perception. The stimuli were projected 
on the ceiling using a mirror system. The distance between the eyes and the stimuli was 1.5 meters. The stimuli were 15 
cm in width and 16 cm in length (5.7 x 6.1 degree in visual angle). The stimuli were about 72.0 cd/m 2 in brightness, 
with a background about 5.0 cd/m 2 at the viewing point. Each stimuli was presented for 250 msec, and the interstimulus 
interval was 1800-2300 msec. Sixty stimuli of each category were delivered in one session, and the order was pseudorandom. 
The statistical analysis was done by using paired t-test. 

The best-fitted equivalent current dipoles (ECD) were estimated at each time point every 0.96 msec [15]. We 
also used the brain electric source analysis (BESA) [16] software package (NeuroScan, Inc., McLean, VA) for the 
computation of theoretical source generators in a 3-layer spherical head model. A goodness of fit (GOF) value higher 
than 85% is considered to indicate a good multiple dipole model. 

Magnetic resonance imaging (MRI) was performed with a Magnex 150XT 1.5 T system (Shimadzu, Kyoto, 
Japan). The Tl- weighted coronal, axial and sagittal images with a contiguous 1.5 mm slice thickness were used for 
overlays with the ECD sources detected by MEG. 

Results 

Two components (termed IM and 2M) were identified in bilateral cerebral hemispheres (Fig.l). The 1M was 
recorded in response to all stimuli in all subjects. The waveforms appeared to be a simple phase-reversed component. 
Since the 2M was clearly identified in 10 of 12 subjects from the right hemisphere, we describe results of only these 10 
subjects. The 2M component appeared to be independent from the IM (Fig. 1) or to overlap on the slope of the IM, 
depending on the latency difference between the IM and 2M. Table I shows the latencies and amplitudes of all 
recognizable MEG and EEG components to faces and eyes. The 2M was identified in response to the full face (opened 
eyes and closed eyes) and eyes in 10 subjects. The interindividual difference of the interpeak latency between IM and 
2M was large, for example, in the responses to full face with opened eyes, ranging from 27.4 to 71.5 msec. There was 
no significant difference of latencies and amplitudes between face with opened eyes and face with closed eyes . 
However, the 2M was not identified to scrambled face or hands in any subjects. It seemed that the 2M-like component 
was occurred in response to hand in 5 subjects, but these isocontour maps and dipole locations were definitely different 
from the 2M to faces. The responses to eyes were significantly longer than that to faces (p<0.0l). Following the 2M 


720 


©1999, Tohoku University Press 
Recent Advances in Biomagnetism 
T. Yoshimoto et al. (Eds) 



component, some activities were identified only to hand due to the effects of attention (target of the oddball paradigm), 
but we did not analyze them in the present study. 

When the probe was placed at the left hemisphere, the IM was also recorded in response to all stimuli in all 
subjects. However, the 2M in response to only faces and eyes were identified in only 4 ol the 7 subjects tested. There 
was no significant difference of latencies and amplitudes between face with opened eyes and face with closed eyes. 

Clear phase-reversed EEG components (negative at the T5 and T6, and positive at the Cz) was identified to 
faces with opened and closed eyes and eyes (Fig. I). For example, in the responses to full face with opened eyes, the 
latencies of the positive component recorded at the Cz were significantly longer than those of the negative component 
recorded at the T5 (P<0.05) and T6 (P<0.05), and the 2M (P<0.01). There was no significant difference of latencies 
between 2M and the negative component at T5 and T6. The amplitudes of the negative component at T6 (4.4±4.4|iV) 
were significantly larger than those at T5 (2.3± 1.7|iV) (P<0.05). 

The results in one representative subject arc shown in Fig. 2. At first, we investigated data using a single ECD 
analysis. The ECD of the IM could not be detected using single dipole model. The ECD of the 2M to faces was 
estimated at the inferior temporal cortex (Fig. 2). The ECD of the 2M-likc component to hand was estimated in the 
deep white matter, with a low correlation. This finding probably indicated that this component was generated by 
multiple areas like P300. 

Next, we analyzed results using a spatio-temporal multiple dipole model, BESA. Since the primary visual cortex 
in the bilateral hemispheres must have been activated by the stimuli, source I and 2 were located in the right and left 
occipital area, respectively. In studies in monkeys [12,13] and humans using MEG [6,71, PET [8,91 and fMRl [10,11], 
the IT area around the fusiform gyrus and STS and surrounding areas were activated in response to face stimuli. 
Therefore, we placed source 3 at the IT area. Additional sources were added, if necessary. Fig. 3 shows the results of 
BESA in one representative subject. These results indicated that the primary visual cortex in the bilateral hemispheres 
were activated first to faces and eyes, and then the IT areas in the bilateral hemispheres were activated about 48mscc 
afterward. The IT areas were not activated by scrambled face or hand. 

Discussion 

In the present study, two MEG components, IM and 2M, were clearly identified. The 2M component was 
consistent with the components which were 150-240 msec in latency and generated in the inferior occipitotemporal 
cortex in previous MEG studies [6,71. The intcrindividual difference of the interpeak latency between IM and 2M was 
large. This finding indicates that about 48 msec is required for signals to transfer from the visual cortex to (he 
associated visual cortex being specific to face perception, but the speed varies among individual subjects. 

The fusiform gyrus is considered to be the most important area for face recognition in humans, as shown by 
EEG [2-4], MEG [6,7] PET [8,9],and fMRI 110,11 ]. Activities in the STS were not clearly detected in the present study, 
although there are several studies of face processing using microelectrodes in monkeys that revealed activity in the STS 
[12,13]. Two main possibilities are considered. The First possibility is that the STS area is not activated so much for 
face recognition in humans, unlike monkeys. Face perception studies using fMRI in humans did not find significant 
activities in the STS [2]. The other possibility is that the direction of dipoles generated in the STS was mainly radial. 

We confirmed the dominance of the right hemisphere for face perception in humans in the present study, a 
finding which is compatible with previous studies of normal subjects [2,6,8,10] and patients with prosopagnosia [ I]. 

The eyes are considered to be the most impressive part of the face, and we analyzed the effects of eyes using 
whole faces with opened eyes, whole face with closed eyes , and eyes. There was no significant difference of waveforms 
in terms of latency and amplitude between face with opened eyes and face with closed eyes, but the 2M latency to eyes 
was significantly longer than those to faces. The ECD locations for faces and eyes showed no clear difference. The 
reason for these findings is not known, but the results may indicate the following two concepts; (I) Whether it is a face 
or not is the most important factor for the quick perception (about 48 msec) after the stimulus rather than the 
understanding in detailed parts of face, and (2) It takes a longer period to understand small parts of the face such as eyes 
than the whole face. 

Summary 

The temporal and spatial processing of face recognition in normal subjects was traced by magnetoenccphalography 
(MEG) and electroencephalography (EEG). In MEG recording, the IM and 2M components were identified in all 
subjects from the right hemisphere, but in only 4 of 7 subjects from the left hemisphere. The IM was recorded to all 
kinds of stimuli, whereas the 2M was recorded only to faces and eyes. The IM was generated in the primary visual 
cortex in the bilateral hemispheres, and the 2M was generated in the inferior temporal cortex, around the fusiform 
gyrus. The 2M latency in response to eyes was significantly longer than that to whole faces, but there was no significant 
difference of the 2M latency between face with opened eyes and face with closed eyes. These Findings suggest that the 
fusiform gyrus plays an important role in face perception in humans, and that the right hemisphere is more dominant in 
this regard. 
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Fig.l: MEG waveforms in response to five different categories of stimuli, (1) Full face with opened eyes , (2) Full face 
with closed eye s, (3) Eyes , (4) Scrambledface, and (5) The human hand , recorded from the right hemisphere in Subject 1. 
Waveforms recorded from 37 channels are superimposed. Two components, 1M and 2M, were identified. The 1M was 
recorded to all stimuli, but the 2M was not recorded to scrambled face or hand. The 2M to eyes was clearly longer in 
latency than those to faces. The EEG component at the T6 was larger in amplitude than that at T5. 



Full face with opened eyes 

/ 192msec 


Fig.2: The ECD of the 2M to full face with opened eyes recorded from the right hemisphere was overlapped on the 
MRI for subject 2. The ECD was located in the fusiform gyrus in the right hemisphere. 



Fig.3: Three dipoles model using BESA in response to full face with opened eyes recorded from the right 
hemisphere in subject 3. Since the 2M appeared to overlap on the 1M in this subject, single ECD analysis was not 
applicable. The waveforms of sources 1 and 2 seemed to correspond to the 1M component in terms of the latency. 
Sources 1 and 2 were located around the primary visual cortex in the bilateral hemispheres and directed medially. 
The waveforms of source 3 seemed to correspond to the 2M component. Source 3 was located in the right IT area, 
around the fusiform gyrus. This 3 dipoles model was considered to be the appropriate one. There was no other 
source which contributed to make a better model. When the probe was located in the left hemisphere, the results of 
the BESA were generally consistent with the results recorded from the right hemisphere. 
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Table 1 : latency and amplitude of MEG and EEG components to (1 )fullface with opened eyes, (2) full face with closed 
eyes and (3) eyes. 

"1M-2M" means the interpeak latency between 1M and 2M."Amplitude” of 1M and 2M was not calculated, because 
they were partly overlapped. 


1) Full face with opened eyes 



1M 

2M 

1M-2M . 

Cz 

T5 

T6 

Peak latency (msec) 

132.2 ± 15.2 

180. 0± 13. 9 

47. 8 ± 15.7 

195. 9± 18. 9 

187. 9 ± 13. 5 

189. 4 ± 12. 5 

Amplitude (p V) 

- 

- 

- 

5.1 ±1.7 

2. 3 ± 1. 7 

4. 4±4. 4 


latency : Cz, T5 & T6>2M (p<0.01), Cz>T5 & T6 (p<0.05) amplitude : T6>T5 (p<0.05) 


2) Full face with closed eyes 



1M 

2M 

1M-2M 

Cz 

T5 

T6 

Peak latency (msec) 

130.3 ± 14.5 

178.6112.2 

48.2115.1 

199.7119.9 

187.3113.2 189.8113.2 

Amplitude {p V) 

- 

- 

- 

5.111.8 

1.811.6 

4.714.5 


latency : Cz & T6>2M (p<0.01), T5>2M (p<0.05), Cz>T5 & T6 (p<0.05) amplitude : T6>T5 (p<0.05) 


(3) Eyes 



1M 2M 1M-2M Cz T5 T6 

Peak latency (msec) 

Amplitude (p V) 

145.6117. 5 208.2123. 0 62.6120.6 219.6120. 6 215. 2123.4 213. 2124.3 

5.712.3 2.811.5 5.415.3 


latency : Cz>2M (p<0.05) amplitude : T6>T5 (p<0.05) 
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Introduction 

By giving odor pulses to one of the nostrils, we have measured magnetic olfactory responses, whose equivalent 
current dipoles(ECD) were estimated to be in the orbito-frontal cortices [1,2]. Other studies with f-MRI [3, 4] and 
PET[5] in human subjects as well as a neurophysiologicl study in the monkey [6] also localized olfactory responses in 
the orbito-frontal regions. On the other hand, other MEG studies on human olfactory responses [7, 8] localized their 
equivalent current dipoles in the temporal lobes. 

Here we studied olfactory responses with MEG in the ‘oddball’ tasks. The results showed that the olfactory 
responses to the rare stimuli in the tasks have the components with latencies longer than our previous studies [1,2] and 
with their equivalent dipoles in the temporal lobes. 

Methods 

Six healthy right-handed subjects (male, between 21 and 22 years old, with informed consents), participated in this 
experiment. They breathe through a mask on their faces. An optical-fiber sensor in the mask detects onsets of their 
inhalations and controls the openings of a valve. The valve is made of non-magnetic material, placed near the subjects 
and connected with a teflon tube, whose end is placed in one of the nostrils of the subject. When the valve is open, an 
odor pulse is given in the nostril with a duration of 300 ms, a rising time below 20 ms and delay from the onset of the 
valve at 100±2 ms. 

During measurements, the subjects hear white noise at SPL 70 dB through earphones. We confirmed that the 
sounds from the valve do not thereby interfere with the responses. For preventing eye movements, the subjects gazed at 
a point in front of them. 

We chose three odors which can be easily distinguished each other: 1% isoamyl acetate, 1% isovaleric acid and 
1% geraniole, and two among them were used in one experiment. An odor pulse was given to the subject, 
synchronously with his inhalation, but once in three or four consecutive inhalations. One of the two odors were given 
more frequently than the other in the ratio of 3:1. We carried out several sessions which differ each other depending on 
which odors are the rare and the frequent stimuli as well as which nostril is stimulated. 

During the measurements, the subjects were asked to count the number of occurrence of the rarer odor. We 
repeated stimulation until the rarer odor was given up to about 40 times, during which we had to insert several resting 
periods of a few minutes for preventing olfactory adaptations. The pressure of odor pulses was set to be low so that 
trigeminal responses would not be elicited. 

In off-line analyses, we excluded noisy data by visual inspection. Responses to the rare and the frequent odors 
were separately averaged with respect to the onsets of stimulation. We calculated contour field maps and sometimes 
estimated positions of the equivalent current dipoles. The dipoles were localized in the MRI images of the subjects. 

Results 

Fig.la and Fig.lb shows the averaged responses to the rare odor (isoamyl acetate) and those to the frequent 
stimuli (geraniole). There are two peaks of the responses. The earlier is elicited by the both stimuli, but the later only 
by the rare stimuli. The later peaks have equivalent current dipoIes(ECD) in the left (Fig.2 a) and the right (Fig.2b) 
temporal lobes. 

In all of the conditions of stimulation, we have responses both in the frontal and the temporal lobes. The 
responses in the temporal cortex peaked between 450 and 700 ms. 
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Fig. la 

(the averaged responses of left hemisphere) 



Fig.lb 

(the averaged responses of right hemisphere) 
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Fig.2a 

(estimated ECD in the left hemisphere) 



Fig.2b 

(estimated ECD in the right hemisphere) 
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Discussion 

The olfactory oddball tasks evoked responses at the latencies between 450 and 700 ms in the temporal cortices 
of the both hemispheres. These responses are different, with respect of their latencies and locations of their equivalent 
current dipoles, from the response to simply repeated odor stimuli [1, 2] and seem to reflect some "cognitive" processes 
in the brain. 

Interestingly, these responses are close to those by Kettenmann et al. [7] with respect of the peak-latencies and 
locations of their estimated dipoles, although their paradigm of stimulation was not the so called oddball. We speculate 
that the similarity between the two is partly due to the long ISI’s: more than 30 s in our study and 40 s in the latter. 

References 

[lJTonoike M: Olfactory event-related potentials and neuromagnetic fields in human. In Olfaction and Taste XI 
(Kurihara K, Suzuki N and Ogawa H eds.), Springer-Verger, Tokyo, 1994, pp. 664-667 

[2] Yamaguchi M, Tonoike M, Kaetsu I and Koizuka I: Two olfactory centers in the human brain detected by MEG. 
Brain Topography Today/: Elsevier/ ISCseriesNo. 1147, 1998, pp740 -743 

[3] Koizuka I, Yano H, Nagahara M, et al: Functional imaging of the human olfactory cortex by magnetic resonance 
imaging. ORL 53, pp 273-275, 1994 

[4] Sobel N, Prabhakaran V, Desmond J.E., et akSniffing and smelling / separate subsystems in the human olfactory 
cortex. Nature 398, pp282-286, 1998 

[5] Zatorre RJ, Jones-Gotman M, Evans AC, Meyer E: Functional localization and lateralization of human olfactory 
cortex. Nature 360, 339-340, 1992 

[6] Tanabe T, Yarita H, lino M, Ooshima Y, Takagi S F: An olfactory projection area in orbitofrontal cortex of the 
monkey. J. of Neurophysiology, 38: 1269-1283 1975 

[7] Kettenmann B, Jousmaki V, Portin K, Salmelin R, Kobal G and Hari R: Odorants activate the human superior 
temporal sulcus. Neuroscience Letters 203, pp 143-145, 1996 

[8] Sakuma K, Kakigi R, Kanaoke Y, et al: Odorant evoked magnetic fields in humans.Neuroscience Research 27, 
pp 145-152, 1996 


727 



Neuromagnetic activity evoked by visual pop-out stimuli 


Yamaguchi YY 1 , Endo HE 1 , Kikuchi YK 2 , Kobayakawa TK 1 , 

Saito SS 1 , Takeda TT 1 ’ 3 , Kuril a da TK 1 

National Institute of Bioscience and Human-Technology ', Tsukuba, JAPAN; 
Tokyo Metropolitan University of Health Science 2 , Tokyo, JAPAN; 
University of Tokyo 3 , Tokyo, JAPAN 


Abstract 

Neuromagnetical activity related to visual pop-out phenomena was measured using a 
superconducting quantum interference device (SQUID) system. In the visual pop-out phe¬ 
nomena, a visual element that substancially differs from other elements with respect to one 
feature dimension is perceived as it pops out. Magnetic fields obtained under an orientation 
pop-out condition and a homogeneous condition were compared. A difference was observed 
around 200-270 ms latency. The results were considered to be compatible with the results 
of EEG studies. 

Introduction 

A visual stimulus that differs from distractors with respect to only one feature 
dimension, such as color or orientation, is found with aconstant short reaction time(about 
400-500 ms), regardless ofthe number of distractors [1,2]. This phenomenon is known as 
"pop-out", and has been studied by many psychologists to explore the human visual system 
and mechanisms of visual attention [3,4]. 

To investigate this pop-out phenomenon excluding top-down factors as far as possible, 
the present experiments were designed to carry out whole-head neuromagnetic field 
recordings where participants were not given tasks. 

Methods 

Seven neurological ly normal healthy adults (four males and three females) aged22-27 
participated in the experiment. With the exception of one of the authors, six participants 
were not informed of the purpose of this experiment and the kinds of the visual stimuli 
preveously. 

Stimuli were generated by a personal computer and projected onto an acrylic screen 
120 cm away from the participants. A stimulus block was consisted of two kinds of 
orientation pop-out stimulus arrays and two kinds of homogeneous stimulus arrays. Each 
rectangle within the stimulus arrays was colored green and tilted by 45° to either the left 
or right. Visual angle of each rectangle was 1.2° x 0.4°, and that ofthe whole stimulus array 
was 10.0° x 7.0°. Oneofthe two kinds of pop-out stimuli included a left-til ted rectangle 
among right-ti Ited ones, and the other stimulus was vice versa. In the homogeneous stimulus 
arrays, all of the rectangles were tilted to the same direction, that is, either to the left or 
the right.These four stimulus arrays in each block were presented 120 times for each in 
random order. Each stimulus array was presented for210 ms and the interstimulus intervals 
were randomized in the range of 875-1,175 ms. In each block, the fixation point was con- 
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tinuously presented at the display center. The participants were instructed to fix their eyes 
on the fixation point and only to see the stimuli passively with no overt reaction during 
the experiment. The visual field where the pop-out element appeared was fixed at eitherthe 
left or the right. Each participant performed the two blocks of trials (left visual field and 
right visual field) with a pause exceeding five minutes between blocks. 

Magnetoencephalogram (MEG) recording was carried out using a 64-channel 
whole-head type SQUID system (CTF Systems Inc., Canada). A personal computer was 
placed outside the shielded room about three meters from the SQUID system. Although 
measurements were conducted with the door open, most external magnetic noise was 
eliminated by third-order spatial gradient environmental noise cancellation [5]. The 
position of the participants’ head relative to the sensors was determ in ed by attaching small 
coils on the nasion and both the preauriculars. These positions were used for alignment of 
MEG data and MRI. 

Magnetic fields were recorded at a sampling rate of 3 12.5 Hz through a 40 Hz low- 
pass filter. The analysis period was 1,000 ms, including a 300 ms prestimulus recording 
as a baseline. Recorded magnetic fields were divided into the two condition groups 
(homogeneous or pop-out) according to the types of stimulus arrays. Trials contaminated 
with artifacts such as eye movements were excluded. More than 70 waveforms were averaged 
under each condition and abaseline offset removing anda30 HzofF-line digital low-pass filter 
was applied. 

Results 

Magnetic fields were analyzed after dividing the data into orientation pop-out and 
homogeneous conditions. In both of the conditions, a large peak was observed at a latency 
around 150 ms. The whole-head isofield maps at the latency showed a pair or two pairs of 
inward and outward neuromagnetic fields in the posterior part of the map. When the ho¬ 
mogenous-condition magneticfields were compared with the pop-out-condition magnetic 
fields, a difference was seen at about 250 msin 1 1 out ofl4 cases (averaged latency was 24 1 
ms, standard deviation was 17 ms) . The largest difference was observed in the middle part 
of the whole-head isofield map. Although isofi eld maps before subtraction indicated activity 
in the posterior part of the map in addition to activity in the m iddle part of the map, it seemed 
that there was little difference in the posterior activity between the pop-out and homogeneous 
conditions. The remarkable laterality corresponding to the visual fields was not observed 
in the isofield mapsat these latencies. 

Discussion 

An EEG study using visual pop-out stimuli showed that two negative components were 
observed in the range of 200-300 ms latency for visual pop-out stimuli [6]. One of the 
components is called a“ posterior contralateral N2 (N2pc)” component and has the following 
characteristics: (i) N2pc is observed only for a pop-out whose dimension participants are 
requested to search; (ii) N2pc is observed in contralateral channels (P3, P4, 01, 02, T5, T6) 
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to the visual field for a pop-out element [6,7,8]. The other negative component is called an 
“ anterior N2”, and its characteristics are as follows: (i) it was observed even when participants 
are not requested to react to pop-out stimuli; (ii) it is observed in the channels of F3, F4, 
C3, C4, P3 andP4[6]. The laterality of the anterior N2 was not descibed. In ou r experiments, 
differences ofmagnetic fields mentioned abovewere seen without requesting the participants 
to react to pop-out stimuli. In addition, the assumed location of brain activity from the 
isofield map seemed to have no correlation with the visual field for pop-out elements. Based 
on these results, the differences observed in this MEG measurement might correspond to the 
anterior N2. 
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Introduction 

Subjective pain intensity is changeable with a change in an individual’s mental condition, and attention distrac¬ 
tion is one of the effective approaches for reducing pain [1,2]. However, the physiological mechanisms how perceived 
pain intensity is changed are not clear. Electroencephalography (EEG) is one of the approaches used to study these 
mechanisms. Beydoun et al.[3] showed that the amplitude of laser evoked potential (LEP) was significantly reduced 
when the subjects were distracted from the stimulus. As compared with EEG, magnetoencephalography (MEG) has 
several theoretical advantages in identifying the localization of brain activities with high spatial and temporal 
resolution. MEG studies have clearly revealed the role of the secondary sensory cortex (SII) and the insula in pain per¬ 
ception mechanisms induced by noxious dental stimuli [4], painful gas stimuli applied to the nasal mucosa [5], painful 
electrical stimuli [6-81, and painful CO 2 laser stimuli [9, 10]. However, there are no reports about the effects of atten¬ 
tion on pain perception studied by using MEG. The objective of the present study was to elucidate the generating 
mechanisms of CO 2 laser-evoked magnetic fields (LEF) by averaging MEG and LEP by investigating the effects of 
attention on them. This is the summarized paper of our previous report [11]. 

Methods 

Ten healthy male volunteers participated in the study (mean age 31.8 years). A special CO 2 laser stimulator was 
used to record LEF and LEP (Nippon Infrared Industries, Kawasaki, Japan). The laser wavelength was 10.6/^m and 
the diameter of the irradiation beam was about 2 mm. The stimulus duration was 20 msec The intensity was approx¬ 
imately 18 mJ/mm 2 , which elicited a sharp pain that all subjects described as a tolerable “pin-prick-like” sensation. To 
avoid causing burns or habituation, the irradiated points were moved slightly for each stimulus. The interstimulus 
interval of the laser beam was at random, between 3 to 10 sec. 

The painful CO 2 laser beam was applied to the hairy skin of the right forearm and the subject was asked to per¬ 
form a task during the stimuli. We used two kinds of tasks (calculation and memorization) and a control session (no 
task).The subjects received 25 stimuli in one session and three sessions for each task, with 3 control sessions. One ses¬ 
sion lasted 25 to 3 minutes. All 9 sessions were done at one time. The order of the sessions was pseudo-random. The 
total number of the stimuli was 225. 

The tasks were as follows. In front of the subject, a piece of paper (12 cm in width and 9 cm in height) with 25 
random two-digit numbers was presented at a distance of one meter. The calculation task was to add the 5 numbers on 
each line. The subject was instructed to add the top row numbers and to give his answer in a low voice as soon as he 
finished the addition. When the answer was correct, he was asked to add the next line. When it was wrong, he had to 
add the same line again. After he finished calculating all five horizontal lines, he was instructed to add the vertical-line 
numbers. The mean number of correctly calculated lines was 53 out of 10 lines. The memorization task is to memorize 
as many as possible of the numbers. The subject was asked to tell the memorized numbers at the end of each session. 
The mean number of correctly answered numbers was 8.7 out of 25. In the control session, a paper with a small black 
point was presented instead of the paper with numbers, and the subject was asked to look at the point. 

The MEG responses were measured with dual 37-channel biomagnetometers (Magnes, Biomagnetic Tech¬ 
nologies Inc., San Diego, CA). The probes were centered on the C3 and C4 positions (the International 10-20 System) 
which covered the SII and the primary sensory cortex (SI) in each subject. The magnetic fields were recorded at a sam¬ 
pling rate of 512 Hz with 0.1-50 Hz bandpass filters. A source analysis based on a single moving equivalent current 
dipole (ECD) model in a spherically volume conduction [12], was applied to magnetic field distribution studies. The 
MEG source locations were superimposed on the corresponding MRIs. The amplitude of each recognizable component 
was calculated as a summation of magnetic fields of the maximum out- and in-going fluxes. The evoked potentials 
were also recorded simultaneously. Three exploring electrodes were placed along the midline at Fz, Cz and Pz. The 
nose tip was used as the reference. The potentials were recorded with 0.1-50 Hz bandpass filters at a sampling rate of 
512 Hz. The peak-to-peak amplitude was measured. The paired-t test was used for comparison, and P < 0.05 was con¬ 
sidered significant. 

Results 

In the control session, a consistent and clear component of LEF, named the 1M (the 1st magnetic field) was 
identified in all 10 subjects from the hemisphere contralateral to the stimulated arm, and in 8 subjects from the ipsilat- 
eral hemisphere (Fig. I). The 1M onset and peak latencies were 110-150 msec and 150-230 msec, respectively, in the 
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contralateral hemisphere, and 130-180 msec and 180-250 msec, respectively, in the ipsilateral hemisphere. Some MEG 
activities after 1M could be found, but the interindividual differences were very large and no clear component with a 
high correlation value could be identified. 

The LEPs showed a negative component with a latency of about 200-270 msec (N240) and a positive com¬ 
ponent at about 320-380 msec (P340) (Fig. 1). They were maximal at the vertex (Cz). EEG components corresponding 
to the 1M, as well as MEG components corresponding to the N240 and P340, were not identified in any subjects. 

The X, Y, Z-coordinates estimated from the 1M were stable, with a high correlation (0.95-0.99). The ECDs 
superimposed on the MRI were located at the superior bank of the Sylvian fissure, which was thought to be identical to 
SII (Fig. 2). Since the ECD was located in the deeper area near the bottom of the Sylvian fissure, its location may have 
to be termed Sll-insula. Differences of locations among conditions were not found. No consistent ECDs were identified 
in the SI in any subject. 

The amplitude of the 1M in both hemispheres was not significantly changed by the calculation task or the 
memorization task (Table I, Figs. 1 and 3). The peak-to-peak amplitude between the N240 and P340 was significantly 
reduced in each task,but it was more remarkable in calculation task (Table I,Figs. 1 and 3). 
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Calculation 
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Fig. 1. Waveforms of LEF (MEG) and LEP (EEG) following painful CO 2 laser stimulation applied to the 
right arm in a representative subject. MEG waveforms recorded from 37 channels in the contralateral and 
ipsilateral hemisphere to the stimulated arm are superimposed. EEG recorded at the Cz (vertex) is shown. 
The amplitude of the 1M component of the MEG in the bilateral hemispheres did not show a significant 
change in the calculation or memorization task. The N240-P340 component of EEG showed a significant 
reduction in amplitude, particularly in the calculation task. 


Coronal Axial Sagittal 



Fig. 2. ECDs of the IM component following the right arm stimulation are superimposed on coronal, 
axial and sagittal planes of the MRI. They are located on the superior bank of the Sylvian fissure, around 
the SII, in the bilateral hemispheres. 


732 











Amplitude change of all subjects in each condition 




Fig. 3. Amplitude change of the 1M component recorded from the contralateral and the peak-to-peak 
amplitude of the N240-P340 component in each condition. Amplitudes of control were set to 1.0. Amp¬ 
litudes in attention tasks were standardized. The 1M did not show significant change, but the N240-P340 
was significantly reduced in both the calculation (P<0.01) and memorization (P<0.05) sessions. 

Table I. The amplitude of the 1M of MEG and peak-to-peak (N240-P340) of EEG 
Contralateral hemisphere (n=10) 



Mean (fT) 

SD 

P value 

Control 

419-5 

141.7 


Calculation 

405.0 

134.8 

n.s. 

Memorization 

420.0 

109.0 

n.s. 

Ipsilateral hemisphere (n=8) 

Mean (fT) 

SD 

P value 

Control 

337.4 

131.7 


Calculation 

308.8 

135.3 

n.s. 

Memorization 

296.6 

151 5 

n.s. 

N240-P340 (n=10) 


Mean (wV) 

SD 

P value 

Control 

14.2 

3.6 


Calculation 

7.4 

3.9 

<0.001 

Memorization 

10.1 

45 

<0.05 


SD: standard deviation, n.s.: not significant 

Paired t-test was used for the comparisons between the control values and those for each attention task. 


Discussion 

Painful CO 2 laser stimulation was found to elicit consistent and clear evoked magnetic fields and potentials. The 
dipole location of the 1M was estimated in the bilateral superior bank of the Sylvian fissure around SII. These were the 
same results as in our previous studies [9, 10]. The peak latencies of the 1M were 150-230 msec in the contralateral 
and 180-250 msec in the ipsilateral hemisphere to the stimulated arm, and they were clearly shorter than the N240 
latency. Therefore, the 1M and the N240-P340 complex probably reflect different brain activities. Since it is thought 
to take 40 msec for the skin nociceptive receptors to be excited by CO 2 laser stimuli [13] and 100 msec for the ascend¬ 
ing signals to arrive at the cerebral cortex, in light of the conduction velocity of the ascending signals, i.e., 10 m/sec 
[14, 15], we consider that the contralateral 1M, whose onset latency was approximately 110-150 msec, reflects the 
initial cortical activation [9]. 

The reason why MEG responses corresponding to the N240-P340 were not found was probably because the 
N240-P340 represented the activities in multiple areas of brain including the bilateral SII, the insula, and the limbic 
system such as the cingulate gyrus, amygdala or hyppocampal formation [10], and it is difficult to estimate ECDs for 
activities generated in such multiple or deep areas by MEG recording. Many positron emission tomography (PET) 
studies have revealed the importance of the insula and the anterior cingulate gyrus [16-18]. However, it is difficult for 
MEG to detect activities in the cingulate gyrus, perhaps for the following three reasons; (1) The cingulate gyrus is 
located in a deep area, (2) the cingulate gyrus has bilateral functions, that is, bilateral sites are activated and interfere 
with each other, and (3) the dipole direction in the cingulate gyrus may be mainly radial. 

The amplitude of LEPs has a positive correlation with pain intensity ratings and it is changeable with a subject’s 
mental condition [19-21 ]. It was also reported that an attention distraction task reduced the LEP amplitude [3,22], and 
the LEP results in the present study were consistent with these previous reports. 
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The amplitude of the 1M was not significantly changed by the tasks. This showed that the initial cortical activ¬ 
ities in the SII following painful stimuli were not affected by the attentional change. The mechanisms of attentional 
effects on sensory processing are still controversial, but recent studies of event-related brain potentials and magnetic 
fields evoked by auditory and visual stimuli are revealing some parts of the mechanisms [23-25]. These studies showed 
that attention-dependent modulation was observed 80-150 msec after the stimulus onset. Unlike an auditory or visual 
sensation, it takes a longer time (over 110 msec) for the nociceptive signals following laser stimulation to reach the 
cortex. Therefore, it is reasonable that the activities in the SII, whose onset latency is about 110-150 msec, are not 
affected by attention and that the sequential brain activities are affected by attention. The amplitude of the N240 and 
P340 were reduced by the attention distraction tasks. Therefore, these components are considered to represent the 
activities of multiple areas including the insula and the limbic system, and it seems reasonable that the activities in 
those areas are affected by attentional changes. In other words, these results may indicate that the subjective evaluation 
of pain intensity takes place in the insula and/or limbic system, more than 200 msec after the stimulus. 

Therefore, in conclusion, we propose that the IM generated in the bilateral Sll-insula reflects the primary brain 
activity in response to painful stimulation and that the subsequent N240-P340 reflects a summation of activities gener¬ 
ated in multiple areas including the limbic system, and that the primary response is not changed by attention tasks but 
the sequential brain activities are affected by attention tasks. 
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Introduction 

The feasibility of using magnetoencephalography (MEG) to record activity associated with engagement in 
cognitive tasks has been demonstrated by several groups of investigators [4,10]. However, the validity of this 
procedure to identify neuronal activation associated with cognitive processes is still under investigation, and its 
potential utility in assessing hemispheric specialization for language has not been explored yet. The objective of the 
present study was to investigate the possibility of using MEG to record and quantify regional brain activity 
associated with language and verbal memory for the purposes of determining hemispheric dominance. For this 
purpose, we used a visual continuous recognition memory task for single words [ 121 and, as a control, we also 
employed a continuous recognition memory task involving photographs of unfamiliar human faces. The latter was 
expected to induce either bilaterally symmetric activity or activity favoring the right hemisphere. 

Methods 

Eleven neurologically intact, right-handed adults, with normal or corrected to normal vision were tested in 
this study (six females and five males). All subjects were native speakers of English. Mean age was 32.6 years 
(range: 25 to 40 years) for the male and 32.0 years (range: 26 to 38 years) for the female subjects. Subjects were 
asked to sign a consent form prior to participating in the study, after the nature of the procedures involved had been 
explained. 

The subjects were tested on two continuous recognition memory tasks: one with printed words and the other 
with unfamiliar photographs of faces. The word stimuli were 115 abstract English nouns. The face stimuli consisted 
of 115 photographs of male individuals who were unlikely to be familiar to the subjects in our study (mostly 
professionals from other universities). All faces had neutral emotional expression. 

In each task, a set of 23 stimuli (words or faces) was selected to serve as targets. These items were presented 
as the first block of each task. The remaining 92 items of each type served as distractors and were divided into four 
blocks. In each block, the 23 target items were presented randomly mixed with 23 new items (distractors). Subjects 
were asked to try to memorize the items presented in the first block and lift their index finger with each subsequent 
presentation of the targets. The responding hand was counterbalanced across subjects. Stimuli were presented on a 
flat white screen located approximately 1.5 m away from the subject 

All recordings were made in a magnetically shielded chamber (Vacuumschmelze, GmbH) using a whole-head 
148-channel Neuromagnetometer (Biomagnetic Technologies, Inc., Model Magnes WH 2500). The precise location 
of each subject's head with respect to the MEG sensors was determined electronically, using a Cartesian coordinate 
system anchored on three head landmarks (fiducial points)-two preauricular points and the nasion. During the 
procedure eye movements and blinks were detected by monitoring electrooculographic (EGG) activity from gold-disk 
electrodes affixed to the outer canthus and the supraorbital ridge of the right eye. Magnetic resonance structural scans 
(MRIs) were available for seven subjects. Three small, easily identifiable, lipid markers (vitamin E pills) placed over 
the three fiducials served to define the coordinate system for MR images. 

The MEG signal was filtered on-line with a bandpass filter between 0.1 and 50 Hz and digitized at a 
sampling rate of 250 Hz starting 150 msec before and 800 msec after the onset of a stimulus. In each task, the 
single-trial MEG epochs recorded during blocks 2-5 were averaged separately for each condition (target or distractor), 
after removing those epochs during which an eye-movement artifact had occurred. A minimum of 80 single trials 
were used to calculate each averaged waveform. Additionally, the averaged MEG epochs were digitally lowpass 
filtered at 20 Hz and adjusted relative to the mean amplitude in the 150 msec prestimulus period. The observed 
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activity at each time-point was described in terms of a “single-dipole-in-a-sphere” model, i.e., a single equivalent 
current dipole (ECD) located in a spherically symmetric homogeneous medium. Data points were fitted independently 
of each other every 4 ms and the ECDs that accounted for the distribution at each time point were projected onto the 
appropriate MRI slices. ECD solutions were considered acceptable if the correlation coefficient between the observed 
and the predicted magnetic field distribution was at least 0.9 with a corresponding confidence volume of 5 cm 3 or 
smaller. A laterality index (LI), defined as the number of dipoles on the left minus the number of dipoles on the 
right, divided by the sum of the dipoles on both hemispheres, was used to quantify differences in the extent of 
hemispheric activation. 

Results 

ECDs that accounted for the magnetic flux computed during the early portion of the waveform (<200 ms 
poststimulus) during both tasks were clustered in the primary visual cortex, as expected. ECDs that accounted for the 
later activity (>200 ms poststimulus) differed in location and relative concentration between the tasks. The number 
of acceptable ECDs in each hemisphere for each task is depicted in Figure 1. Note the large asymmetry in favor of 
the left hemisphere for the word-recognition task and the essentially complete symmetry for the face-recognition 
task. In the language task, almost twice as many ECDs were found in the left perisylvian and hippocampal regions 
than in the right. In the face recognition task, approximately equal numbers of ECDs were found in both occipital 
lobes and some in the posterior-inferior area of the right temporal lobe. It, therefore, appears that there is a clear 
difference in the profiles of brain activation during the linguistic and nonlinguistic task. 



LEFT RIGHT 

HEMISPHERE HEMISPHERE 


Figure 1. Mean number of ECDs in the word-recognition and face-recognition tasks in each hemisphere. 

The effects of hemisphere (right, left), condition (target, distractor), and task (word-recognition, face- 
recognition) on the number of ECDs computed after the initial 200 ms poststimulus were examined using a 
multivariate approach to a within-subjects design with hemisphere, condition, and task as within-subjects variables. 
There was a significant task-by-hemisphere interaction, p<0.000. Within tasks, the effect of hemisphere was 
significant for the word-recognition task, p<0.002, but not for the face-recognition task, p<0.7. Within hemispheres 
there was a significant effect of task in the left hemisphere, p<0.000, but not in the right hemisphere, p<0.5. 

A standard stereotaxic atlas of the human brain served as a reference for the identification of the brain areas 
where ECDs were localized in each patient's MRI. During the first 200 msec of activity acceptable ECDs were found 
in the occipital areas of both hemispheres, for both targets and distractors, as expected. In the word recognition task, 
the estimated sources of later activity were localized in temporal and temporoparietal areas, primarily in the vicinity 
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of the superior and middle temporal, angular, and supramarginal gyri. ECDs were also found in medial temporal 
structures (in the vicinity of the hippocampus and the parahippocampal gyrus) in five subjects and in the vicinity of 
the fusiform gyrus in two subjects. In the face recognition task, ECDs were primarily localized in occipitotemporal 
and posterior basal temporal regions (e.g., in the vicinity of the fusiform gyrus). ECDs in temporoparietal regions 
were found in three subjects in the right hemisphere, and in one subject in the left hemisphere. In general, ECDs 
were localized in homologous areas in the two hemispheres for a given task. Systematic differences in the estimated 
location of ECDs across conditions in each task were not clearly visible. An example of this arrangement is shown 
in Figure 2. 



Figure 2. ECDs obtained from a single subject in the target condition during the word recognition (left) and the 

face recognition (right) tasks. 


Discussion 

Our analysis showed a significantly greater extent of left hemisphere activation in the language as compared 
to the non-language task. External validation of these findings through, for instance, a Wada procedure is obviously 
not possible with normal subjects. However, we have recently reported such a validation in epilepsy patients [51. 
Our results are consistent with other studies in a number of modalities that indicate an increased activation of the left 
hemisphere during processing of verbal as compared to non-verbal stimuli (e.g., [2|). The results obtained in this 
study indicate that it is possible to use MEG, a completely noninvasive procedure, to assess laterality of language 
function in individual subjects. 

On a group basis, an LI favoring the left hemisphere was associated with the language task. When 
individual Lis were considered separately in each condition, all of the subjects had indices favoring the left 
hemisphere in the target condition. The number of ECDs in the left hemisphere was at least 50 % greater than the 
number of ECDs in the right hemisphere in response to task-relevant stimuli that required some form of explicit 
decision from the subject. The substantial number of ECDs revealed by our analyses in the right hemisphere during 
the late portion of the waveform is in agreement with other reports of significant variability in interhemispheric 
asymmetries in activation during language tasks |1,6,8|. 

Despite the existence of a variety of alternative methods to estimate intracranial current sources (e.g., [9|), 
the above results were obtained using a single ECD modeling approach for data analysis. Besides being the only 
mathematical tool we had access to, as well as the only model approved by the Food and Drug Administration for 
clinical studies, the validity of the single ECD model can be supported by the clear dipolar pattern of field 
distribution seen around the peak latency of various components 112). Nevertheless, it is theoretically possible that 
several ECDs distributed on a sheet, or the interaction of two dipoles of different relative intensity and/or orientation 
over time, could account for the data (as could an infinite variety of other scenaria, because of the nonuniqueness of 
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the inverse problem solution). The accuracy of the recording system and software has been tested before with both 
simulated (phantom) and real data in several sensory modalities. For example, in a recent study (111 we analyzed the 
responses to a variety of auditory stimuli and we found that the sources underlying the Nlm component were 
localized in the primary auditory cortex on the floor of the Sylvian fissure, as expected. 

We used the total number of sources as an estimate of the extent or degree of activation of the brain, and we 
formed a laterality index (LI) to quantify, for each subject, the interhemispheric asymmetry during each task. Given 
that a great number of successive and slightly spatially distinct sources usually correspond to each prominent 
component of the evoked response, superimposing them onto the patient's MRI results in an outline of the brain 
area activation which has produced each component. Clearly, other estimates of activation and alternative methods of 
identifying activated regions on the MRI can be as reasonable (or problematic) as those we used. But, though not 
unique or necessarily correct, the approach we chose has been proven successful in this study. 

The validity of the present findings, however, is also supported by the anatomical plausibility of the final 
ECD locations. Specifically, during the early portion of the waveform (<200 msec poststimulus), the estimated 
sources of the MEG responses were located in caudal and mesial occipital regions (primary and association visual 
cortices). ECDs computed between 200 and 600 msec after stimulus onset (i.e., those that showed clear hemispheric 
asymmetries) were found in areas traditionally believed to play an important role in receptive language. These 
regions included the superior, middle, temporal, angular, and supramarginal gyri. The importance of these areas in 
the comprehension of oral and written language is supported by a wealth of evidence derived from the study of 
linguistic deficits in patients with brain lesions (e.g., (3|) as well as from functional imaging studies (1,2,7|. 

The results from the present study, which demonstrate the utility of MEG for estimating hemispheric 
specialization for language as well as localizing specific language-related cortical regions, along with additional 
validation obtained recently by comparing the MEG results with estimates obtained from the Wada procedure in 
patients who are candidates for epilepsy surgery f5|, suggest that further refihements of this noninvasive technique 
can be a valuable tool for presurgical planning in many neurosurgery patients. 
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Introduction 

Schizophrenic patients frequently complain that they are bombarded by excessive or distracting signals from the 
environment. These symptoms may result from improper gating of sensory inflowfl] or impaired inhibition of responses 
to repetitive inputf2]. Perceptions unrelated to external stimuli (hallucinations) may activate large neuronal networks 
which include modality-specific sensory areas. The most clearly defined imaging findings in schizophrenic subjects show 
alterations in temporal lobe and limbic structures associated with the positive symptomatology, such as hallucinations. 
Based on this association, we hypothesized that an impaired regulation of sensory responses may alter the build-up of 
functional neuronal models in temporal auditory networks of chronically hallucinating patients. Since an optimized 
physiological arousal reaction to novel or surprising stimuli is required for the correct build-up of transient neuronal 
representations, we evaluated also the cerebral signs of arousal in drug-naive patients. 

Methods 

We studied two groups of patients. For magnetoencephalographic (MEG) recordings, we studied ten 
schizophrenics (30 ± 8.5 years; range 19-49 years) and ten sex- and age-matched normal subjects (32 ± 6.0 years; range 
22-50 years). One schizophrenic subject was a first admission patient and nine subjects were re-entry patients with 
established schizophrenia diagnoses. The diagnoses were verified according to the DSM-IIII-R (American Psychiatric 
Association, APA, 1987) by a senior psychiatrist. All patients had been hospitalized 8-20 days prior to the MEG 
measurement. The re-entry patients had relapsed because of discontinuation of neuroleptic medication. The first 
admission patient had never had neuroleptic medication. Two re-entry patients had no medication (wash-out periods of 5 
and 8 days) and seven patients had a varied current medication (risperidon 6 mg/day; olanzapin 10 mg/day; tioridatsin 
300 mg/day; klorpromazin 300 mg/day) at the time of recordings. Seven patients had experienced auditory verbal 
hallucinations. All subjects gave their informed consent and the study was approved by the local ethical committees 
(Helsinki and Kuopio University Hospitals). 

For electroencephalographic (EEG) recordings, 12 drug-naive patients (33 years; range 16-46 years) suffering 
from an acute episode of a psychotic disease and 19 healthy volunteers (29 years; range 16-46 years) were studied. 
Currently 6 of these patients are diagnosed to be schizophrenics according to DSM-III-R criteria by a senior psychiatrist 
during the initial hospitalization.. All subjects gave their informed consent and the study was approved by the local ethical 
committee (Kuopio University Hospital). 

Both patient groups received two blocks of auditory stimuli. For MEG, each auditory stimulus block contained 
standard (80%) tone bursts (duration 50 ms; 0.8 kHz) and randomly embedded deviant tones (duration 25 ms; 0.8 kHz), 
which were delivered monaurally wih an interstimulus interval (1SI) of 2.5 s. These data were used for the localization of 
auditory areas in the depth of Sylvian fissure. A second block of stimuli contained identical standard tones presented in 
trains of four stimuli (ISI1 s) separated by 12-second intertrain intervals (ITIs). For EEG, the oddball paradigm contained 
85% of standard tones (duration 85 ms; 0.8 kHz), and 15% of deviant tones (duration 85 ms; 0.56 kHz) delivered 
monaurally with an ISI of 1 s. Standard tones were also delivered in trains of four with ISIs and ITIs identical to the MEG 
recordings. The subjective hearing threshold was measured before the recordings and the stimulus intensity was adjusted 
to 60 dB over the threshold for each ear. The subjects watched silent video during the experiments and were instructed to 
ignore the stimuli. 

During MEG, auditory evoked fields (AEFs) were measured with a 122-channel whole-head covering 
magnetometer (Neuromag Ltd.) in a magnetically shielded room (Euroshield Ltd.). The recording passband was 0.03-100 
Hz with a sampling rate of 397 Hz. The accurate position of the subject’s head inside the helmet-shaped magnetometer 
was detected by measuring the magnetic field produced by three marker coils attached to the scalp. For source localization 
and visualization of the evoked fields, a set of MRI images were obtained with 1.5 T instrument (Vision, Siemens AG) 
from all subjects and the MEG and MRI coordinate systems were aligned by using a 3D digital navigator (Polhemus). 
Source locations were modelled by single equivalent current dipoles (ECDs), which were determined with a least-squares 
fit at 1 ms intervals from 80—130 ms for the responses elicited by contralateral standard tone stimulation. The calculation 
was done for each hemisphere separately utilizing a spherical head model and a subset of 40 channels over temporal brain 
areas. Only ECDs explaining more than 85 % of the measured field variance and having a stable field pattern for over 10 
ms around NIOOm deflection were accepted. Since the N100 responses to intermittent stimulation could not be modelled 
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accurately by ECD generators in all subjects, we utilized the most coherent neuronal population activity observed during 
continuous stimulation to investigate the initial, possibly weak build-up of activity in auditory cortex. Waveforms for 
intermittent stimulation were derived for the magnetic field topography determined during continuous stimulation using 
signal-space projection (SSP; [3, 4]). 

64-channel EEG was recorded continuously during the stimulus delivery (Neuroscan). Signals were digitized at 256 
Hz. After removing the eye-movement artefacts event-related responses were averaged off-line, and the data were filtered 
digitally with a low-pass cut-off frequency at 20 Hz (3dB point of 24 dB per octave roll-off). Response amplitudes were 
measured with respect to the 100 ms prestimulus baseline. For visualization of the evoked responses, a set of MRI images 
were obtained with 1.5 T instrument (Vision, Siemens AG) from two patients and two control subjects using a three- 
dimensional MPRAGE sequence. The locations of electrodes were aligned with the MRI reconstruction by utilizing a 3D 
navigator (Polhemus) and common external ladmarks on the skull.. 

All analysis was done blindly for both studied groups. 

Results: MEG 

Fig. 1 shows AEFs over left hemisphere for one control subject and for one schizophrenic patient. After continuous 
auditory stimulation, the latency of N100 responses was very similar in both subjects and the bipolar magnetic field 
pattern suggested synchronously activated cerebral source in temporal area. There were no significant differences (paired 
r-test) in the waveform, latency (95 ± 8.2 ms in control subjects, 95.1 ± 11.6 ms in schizophrenics), or amplitude (93.5 ± 
45.5 fT/cm in normal subjects, 70.4 ± 45.2 fT/cm in schizophrenics) between the groups. After the intermittent 
stimulation, there is a typical decrease, or "habituation" of the averaged N100 in the control subject, whereas the 
schizophrenic patient showed no clear responses at all. The field pattern for the peak of the first N100 in train was 
practically identical to that during continuous stimulation in the control subject. In contrast, the topographic field pattern 
for the schizophrenic patient was quite disorganized. The underlying neuronal population activity could not be modelled 
by a single, local cerebral source. 


N100 

| 100 fT/cm 


N100 


1 s 


Fig. 1. The maximal AEFs to continuous (above; about 100 averages; time scale -100—500 ms) and to intermittent 
auditory (below; about 40 averages; time scale -100—4000 ms) stimulation are shown in a control subject and in a 
schizophrenic. The channel of origin is depicted by shading in the helmet-shaped array. Prominent and quite similar N100 
responses are elicited by the continuous delivery of tones in both subjects. Each tone in a stimulus train is followed by a 
clear N100 response in the control subject but not in the schizophrenic patient. Magnetic field patterns for auditory 
stimulation are viewed from the hemisphere contralateral to the stimulated ear. Magnetic field at about 100 ms following 
continuous stimulation suggests localized activity of temporal brain areas both in a control subject (left) and in a 
schizophrenic patient (right). Bipolar pattern is consistent with an underlying cerebral source which can be modelled 
accurately by a single current dipole (the dipole model explains 95 % of the measured field variance at 89 ms in a normal 
subject; 93 % at 91 ms in a schizophrenic patient). The field pattern at the same time after the first sound in a train is more 
complicated particularly in the schizophrenic subject, and the single dipole model explains only 67 % of the measured 
field. 
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Fig.2 The interhemispheric difference in N100 source locations is shown for each subject on the left (left antero¬ 
posterior value - right antero-posterior value). Normal subjects are depicted by squares, schizophrenics by circles, and 
schizophrenic subjects afflicted by hallucinations by filled circles. The SSP waveforms to intermittent, contralateral 
auditory stimulation for a representative subject from each group are shown on the right. These waveforms reflect activity 
in the auditory cortical areas defined in each individual by averaged field topographies of N100 to continuous stimulation. 

The anterior-posterior difference in locations of cerebral sources which were activated by continuous auditory 
stimulation are shown in Fig. 2 (left). The responses were judged to be in the temporal auditory cortex in all subjects by 
ECD model of neuronal activity. In contrast, the responses to intermittent tone trains could not be modelled accurately by 
ECD sources in six out of ten schizophrenic patients. All of these patients showed a reversal of the normal functional 
lateralization of temporal auditory cortices (cf. Fig. 2; in normal subjects left auditory cortex is posterior to the right one 
[5, 6]) and they suffered from chronic auditory hallucinations. 

We utilized the averaged magnetic field topographies over the temporal areas observed during continuous 
stimulation to monitor the initial development of the auditory N100 response which may have been obscured in standard 
averages by poor signal-to-noise ratio, artefacts, or by a continuous widespread activation of temporal cortex.. Six 
schizophrenics showed no or weak time-locked responses to intermittent stimuli in waveforms, i.e., no clear 
synchronization of neuronal population response in the exactly same auditory network which was activated by continuous 
stimulation (cf Fig. 2).. In five schizophrenic subjects the responses were abolished bilaterally, whereas one subject had 
no responses ipsilateral to stimulation. However, all subjects showed a reflection of the widespread neuronal activity due 
to arousal[7] but only after the first tone in train. All schizophrenic subjects with abolished responses experienced chronic 
verbal auditory hallucinations, whereas none of the subjects with normal N100 responses had abnormal auditory 
perceptions (P < 0.005, Fisher's exact test). 

Results: EEG 

Fig.3 (right) shows the grand average evoked responses to the first and second tones in a train.in a frontal electrode 
(Fpl) referred to right mastoid.. The intertrain interval exceeded the putative duration of auditory sensory (echoic) 
memory presumably enabling a full recovery of activated neuronal assemblies in auditory cortices and maximizing the 
cerebral arousal to the first tone of a train. There is a significant difference in the amplitude of the N100 response to the 
first tone in a train between the psychotic patients (-13.1 jiV; range -5.1- -20.2 fiV) and normal subjects (-8.6 p.V; range 
-2- -18.3 ^V; p < 0.05, group /-test). However, no such difference was observed in central areas (Cz) which normally 
show the largest, distributed nonspecific cerebral arousal overlapping the auditory N100 [8] (patients -14.9 fiV; range 
-4.2- -26.2 |iV vs. controls -14.7 p.V; range -5.5- -21.5 p.V; N.S.) There was no significant differences between the 
latencies of N100 responses.in frontal or central areas. 

The N100 responses to standard tone in a MMN paradigm was subtracted from the N100 responses to the first tone 
in a train to obtain a measure of cerebral arousal. When a conically constrained minimum-norm estimate was calculated 
from the grand average subtraction waveform at the time of the largest response at 94 ms, the strongest activation is 
clearly visible in both prefrontal cortices in psychotic subjects but not in controls (cf. Fig.3; left). 
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Fig.3 (right) shows the grand average evoked responses to the First and second tones in a train.in a frontal electrode 
(Fpl) in controls (above) and in psychotic subjects (below). A cortically constrained minimum-norm estimate was 
calculated from the grand average response (N100 to the 1st tone in train - N100 to standard tones from MMN paradigm) 
at the time of the largest response at 94 ms. Lightest areas depict the largest current density in cortex. 

Discussion 

( Here we demonstrate that six schizophrenics who were afflicted by chronic auditory hallucinations failed to elicit 
synchronized neuronal population activity in auditory cortices as a response to intermittent trains of tones, whereas 
continuous delivery evoked normal responses. All of them displayed also reversed functional lateralization of auditory 
areas in temporal cortex[5,6]. In contrast, four non-hallucinating schizophrenics and ten normal control subjects generated 
prominent, coherent responses in both conditions. Drug-naive acutely psychotic patients with predominantly 
schizophrenic symptoms showed very prominent, abnormal prefrontal arousal. Altered cerebral arousal and the inability 
to build functional neuronal representations in receiving auditory networks may contribute to the altered perceptual 
content of external input and to the confusion with "internal" representations in schizophrenic states. 
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Introduction 

Alzheimer’s disease (AD), the most common cause of dementia in the western countries, is characterized 
by the deterioration of memory and other higher cognitive [1]. In spite of large literature in AD, it has remained 
somewhat ambiguous to what extent preattentive auditory processing is impaired in AD. Preattentive processing 
can be studied with a mismatch field (MMNm), which is elicited by the deviant tones embedded in a sequence of 
homogenous standard tones. MMNm reflects thus automatic stimulus-change detection in the auditory system 
[2]. Previous MEG studies with NIOOm response preceding the MMNm have shown that the auditory 
information is processed slightly earlier contralaterally than ipsilaterally to the ear stimulated, and that this delay 
increase with aging and especially in AD [3,4,5]. The aim of the present study was to investigate whether the 
following preattentive auditory processing, as reflected by the MMNm, is also impaired in AD. 


Methods 

Twenty patients with probable AD and 18 healthy, age-matched subjects participated in the study. After a 
complete description of the study to the subjects, written informed consent was obtained from each subject or 
his/her near relative. The study was accepted by the Ethics Committee of the Department of Neurology, the 
Helsinki University Central Hospital. The AD patients were recruited from the patients being followed at the 
Memory Research Unit, Department of Neurology. Control subjects had no history of neurologic, psychiatric, or 
any other severe diseases. Both the patients and controls had normal hearing. Minimental State Examination 
(MMSE) scores over 25/30 were demanded for the healthy controls [6]. The diagnosis of the probable AD 
followed the NINCDS-ADRDA criteria[7]. All patients and control subjects had had MRI of the head in order to 
exclude ischemic changes. 

MEG recordings were performed in a magnetically shielded room (Euroshield Ltd.), where the subject sat 
under the helmet-shaped dewar with his/her head against the bottom of the instrument. The subject watched a 
silent video and was instructed not to attend to the tones presented monaurally through a plastic tube and 
earpiece. Subjective hearing threshold was measured separately for each ear and the stimulus intensity was 
adjusted to 60 dB over the hearing level. Each stimulus block consisted of standard (80%) and randomly 
embedded deviant tones (20%), both 700 Hz in frequency. The duration of the standard tone was 50 ms and that 
of the deviant tone 25 ms with 5-ms rise and fall times in each. Stimulus blocks with 0.5-s interstimulus intervals 
(ISIs), from stimulus onset to onset, were separately presented to both ears. Auditory evoked fields (AEFs) were 
recorded using a 122-channel whole-head magnetometer (Neuromag Ltd.) measuring two orthogonal tangential 
derivates of the magnetic field component normal to the scalp, at 61 locations over the head. The planar 
gradiometers of this device detect the strongest signal directly above a cerebral source. The accurate position of 
the subject's head relative to the gradiometers was determined by measuring the magnetic field produced by three 
marker coils attached to the scalp. 

The analysis period was 750 ms, including a 150-ms prestimulus period. The recording passband was 
0.03-100 Hz and the sampling rate 397 Hz. The vertical and horizontal electro-oculograms (EOG) were recorded 
and epochs coinciding with EOG or MEG changes exceeding 150 pV or 3000 fT/cm were rejected from 
averaging. Over 100 responses were averaged for the deviant tone in each condition. Digital low-pass filtering 
was performed at 30 Hz and high-pass filtering at 1 Hz. Peak latency and amplitude values of the responses were 
measured from the channel showing the largest response over each auditory cortex. The MEG data were analyzed 
with unpaired t-test. 
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Results 

Figure 1 demonstrates the magnetic responses of one AD patient and one control subject to the deviant 
tones with 0.5 s interstimulus interval (ISI) from stimulus onset to onset. Each subject elicited clear MMNm 
responses, the maximal amplitudes being over the temporal lobes. The ipsilateral MMNm response in the left 
hemisphere was clearly more delayed in the patient than in the healthy subject. 


Healthy Cortrol Atzhehner Patiert 



100 ms 


Figure 1. Auditory evoked magnetic responses and gradient field maps to the deviant tones in one 
AD patient and one healthy subject when the tones were presented to the left ear with the ISI of 0.5 
s. The helmet-shaped sensor array shows the maximal activity over both temporal lobes at about 
200 ms after stimulus onset in each subject. Maximun responses from each auditory cortex are 
shown enlarged. The vertical bars demonstrate the difference of latencies between the ipsilateral 
and contralateral MMNm. Note that the MMNm latency difference between the hemispheres is 
larger in the patient with AD compared with the control. 

AD patients had the ipsilateral MMNm latency significantly longer than controls in the left-ear condition, 
whereas the contralateral MMNm latency was about the same in both groups. In the right-ear condition, both the 
ipsi- and contralateral MMNm latency differences were not significant. The MMNm amplitude differences 
between the groups were not significant. 


Discussion 

The present results indicate that preconscious parallel auditory processing between the hemispheres is 
impaired in patients with AD, but only when the tones are presented to the left ear. This was caused by the 
delayed ipsilateral MMNm response in the left hemisphere whereas the contralateral MMNm had similar 
latencies in both groups. On the contrary, in the right-ear condition there were not significant latency differences 
of the MMNm suggesting that the delayed auditory processing in AD patients is manifested first in the left 
hemisphere. 

The reason for the delayed ipsilateral MMNm in the left hemisphere in AD patients is speculative. Most 
axons from the inner ear cross the midline at the level of the brain stem and ascend through the colliculus inferior 
and thalamus to the contralateral auditory cortex, while a minority of the fibers reaches the ipsilateral auditory 
cortex without crossing [8]. Histopathological studies have confirmed that in AD there are cortical and 
subcortical neurodegenerative changes in the primary auditory cortices as well as in the thalamus and the 
colliculus inferior, which relay auditory information [9]. If one assumes that progressive neurodegenerative 
changes in AD appear relative homogeneously in the brain, then it follows that the smaller ipsilateral auditory 
neural connection will be damaged first, leaving the larger contralateral pathway functionally less impaired. This 
does not explain, however, why for the right-ear stimuli the ipsilateral processing was not delayed in AD patients. 
There is at least one possible explanation to the asymmetrically delayed processing in the patients with AD. 
Anderson and Rutledge demonstrated that the dendritic trees of the neurons in the right superior temporal gyrus 
are more branched, longer and have more dendritic spines than the corresponding neurons in the left hemisphere 
[10]. MEG studies have confirmed the superior temporal gyrus as the source of the MMNm [11]. Asymmetrical 
neuron branching together with the fact that in this study most AD patients had mild or moderate symptoms may 
explain why the ipsilateral auditory processing was found delayed only in the left hemisphere. The present MEG 
recordings may offer an additional tool to index and follow up cortical dysfunction in AD. 
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Introduction 

Subacute sclerosing panencephalitis (SSPE) is one of slow virus infections characterized by myoclonus, progressive 
dementia, increase in anti-measles antibody in serum and cebrospinal fluid, and history of measles infection. Because 
measles vaccination has been widely carried out in Japan or other countries, incidence of SSPE is decreased [1,2). 
However, early measles infection before the vaccination still resulted in SSPE. Pathophysiological nature of periodic 
discharges (PDs) in EEG and myoclonus as one of clinical hallmarks is yet to be clarified. We here analyzed the PDs 
and somatosensory evoked fields (SEF) by using magnetoencephalography (MEG) and correlated them functionally 
and anatomically to the clinical symptoms including myoclonus. 

Patient report 

This 15-year-old girl, who had a history of severe measles pneumonia at the age of 8 months, had been quite well 
until when she was noticed to have poor school performance such as difficulties in naming, calculation, reading and 
writing at the age of 11 years. Myoclonic movements in the right-sided extremities with distal predominance were also 
noticed at rest and during voluntary movement, and which consisted of repetitive twitcings associated with dystonic 
features, occasionally followed by a motion arrest. On EEG, PDs were found to consist of high-voltage repetitive 
polyphasic slow-wave complexes lasting 1 to 3 seconds, recurring every 5 to 10 seconds in duration, associated with the 



surface EMG 
(Rt. foot) 


Fig.l EEG with surface EMG showing periodic 
discharges with occasional left-dominant parietal 
spikes (arrows) and repetitive discharges of right 
leg. 


left-dominant spikes as shown in Fig. 1. The myoclonic movements were not temporally associated with the PDs. She 
was admitted to our hospital for further investigation and therapy at the age of 12 years and 10 months. The diagnosis of 
SSPE was made on the basis of the high-titer of anti-measles IgG in serum and cerebrospinal fluid, the progressive 
mental deterioration, the myoclonus and typical EEG abnormality. Following intrathecal interferon- # (300xl0 4 U, once 
a week) and inosiplex (2000mg, per os daily) therapy for 3 months, the myoclonus disappeared, but the mental 
deterioration gradually progressed. On somatosensory evoked potentials (SEP), the amplitude of N20-P27 by the right 
median nerve stimulation was higher than that by the left median nerve stimulation. The former, 11.8 p V, was 
considered to be giant SEP, while the latter, 6.5 p V, was within normal range. The long loop reflex (C-reflex) was 
induced in the hand ipsilateral to the stimulation on both side. 

Methods of magnetic source imaging (MSI) 

MEG study of PDs was performed in a magnetically shielded room with a 37-channel neuromagnetometer 
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(Biomagnetic Technologies Inc, San Diego, CA) at both hemispheres with a simultaneous EEG recording. A spherical 
model was fitted to the digitized head shape of the patient, and the location (x, y, z position), orientation and amplitude 
of a best-fitting single equivalent current dipole (ECD) were calculated at 2 ms intervals from trough to discending 
portion of spikes or slow waves of the PDs. The ECDs of the PDs were fitted by the least-squares method. The 
correlation coefficient between the theoretical field generated by the model and the obtained field were used to estimate 
a localization error. To minimize a localization error, we analyzed the dipole fitting data with a correlation efficient 
above 0.985. The ECD with maximum correlation coefficient in selected duration was regarded as the representative 
ECD of the spike. The obtained ECDs were superimposed on the brain MRI. 

Somatosensory evoked fields (SEF) were also measured with the same system before and after intrathecal interferon- 
# and inosiplex therapy. The median nerve was stimulated at the wrist with a constant-current pulse of 0.2 msec 
duration at various strengths. The analysis time was 40 ms before and 100 ms after the stimuli, and DC offset was 
removed by using the pre-stimulus period as the baseline. Five hundred trials were averaged. The obtained ECDs of 
PDs and the N20m, P30m and P60m components in SEF were superimposed on the MRI of the patient’s brain to 
analyze the anatomical and functional relationships between them. 

Results of MRI, SPECT and MSI 

On MRI with fluid attenuated inversion recovery (FLAIR) sequence, abnormal high intensities were found in the 
white matter around the posterior horn of the bilateral lateral ventricles as shown in Fig. 2-a. On SPECT with 99mTc- 
ethyl-cysteinate-dimer showd hyperperfusion/hypermetabolism in the left parietal area and the right perirolandic area as 
shown in Fig. 2-b. 



Fig.2 a. Brain MRI showing parietal periventricular high-intensity area (arrows) with fluid attenuated 
inversion recovery (FLAIR) sequence, b. ECDs of PDs are localized in the left parieto-occipital cortex 
and the right perirolandic cortex. SPECT with ""Tc-ethyl-cysteinate-dimer showing 
hyperperfusion/hypermetabolism in the left parietal area and the right perirolandic area. c. ECDs of the 
SEF components by the right median nerve stimulation before therapy superimposed on the patient's MRI. 
All ECDs were localized in the primary sensory cortex. 


Fig. 3-A shows simultaneous MEG and EEG records of PDs, in which 37-channel-MEG detector covered the left 
parietooccipital area. The EEG revealed that the first sharp wave in the PDs initiated at P3 portion, and then which 
propagated to centro-frontal portions. As shown in Fig.3-B, the isofield contour map of the peak (a) of the sharp wave 
in PDs represents 4 current dipoles, but the discending portion (b) of that represents a single current dipole, which is 
applicable to single ECD model assumption used in this study. The ECDs of sharp waves of the discending portion in 
PDs were localized in the left parietal area and the right perirolandic area as shown in Fig. 2-b. 

The amplitude of the SEF components before the therapy was higher than those after the therapy as shown in Fig. 4. 
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Fig.3 (A) Simultaneous records of MEG and EEG of 
periodic discharges with left predominancy. (B) 
Isofield contour map at (a) and (b); (a) and (b) 
correspond to descending phase of Ol -derived peak 
and P3-derived peak, and Ol-derived slow positive 
peak, respectively. Multiple dipoles (a) and a single 
dipole (b) were estimated. The solid lines and the 
dashed lines indicate outflux and influx of magnetic 
fields, respectively. 



Fig.4 Somatosensory evoked magnetic fields (SEF) 
by median nerve stimulation before and after 
interferon and inosiplex therapy. Simultaneous 
records of somatosensory evoked potentials (SEP) 
after the therapy were also shown. N20m, P30m and 
N45m in the SEF were almost correspond to N20, 
P27 and N45 in SEP. The amplitude of each 
component clearly reduced after the therapy. The 
amplitude of each component by the right median 
nerve stimulation was larger than that by the left 
median nerve stimulation and N45m appeared after 
therapy. 


N45m deflection in SEF appeared clearly after the therapy, which was masked by enhanced P30m and P60m before the 
therapy. The ECDs of the N20m, P30m and P60m components in the SEF were localized in the primary sensory cortex 
(SI) as shown in Fig. 2-c and there was no difference with regard to the localization before and after the therapy. The 
calculated dipole moments (nAm) of each component, which reflects the current intensity generating the magnetic 
fields, were as follows; before the therapy, N20m, 31.2, P30m, 28.9, and after the therapy, N20m, 16.7, P30m, 14.4, 
thus indicating reduced excitability of SI after the therapy. 

Discussion 

The PDs are a diagnostic EEG pattern of SSPE usually seen during the intermediate stages. They are usually 
generalized and bisynchronous, but they also occur in a more lateralized fashion, particularly in the earlier stage. The 
PDs of the present patient had bisynchronous slow waves associated with the left-doninant sharp waves. Our MEG 
study showed that the cuurent source of the sharp waves in PDs were localized in the left parietal cortex and the right 
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perirolandic cortex with high correlation coefficient, which corresponded to hypermetabolic and hyperperfusion area in 
SPECT. These findings suggest that the hyperexcitability of the left parietal cortex and the right perirolandic cortex 
exist. However, as clearly demonstrated in the isofield contour map of the PD, the entire process of PD cannot be 
explained by a single ECD model. It seems likely that both multiple and subsequent single current source are 
attributable to the formation of the PDs. Since our MEG method did not include multiple dipole analysis, localization of 
the multiple ECDs could not be identified, however, as far as a single ECD concerned, the left parietal cortex and the 
right perirolandic cortex contribute to the PD generator. The earliest pathologic finding in MRI was focal, high-T2- 
intensity white matter changes [3]. Begeer et al. [4| demostrated the early lesions in SSPE are more pronounced in the 
parietooccipital area based on clinical findings and EEG. The early SPECT study revealed hypoperfusion of cerebral 
blood flow in the bilateral occipital areas and a part of the cerebellum [5]. Furthermore MRI studies showed that SSPE 
patients at an early stage had asymmetrical parietooccipital lesions [61. Thus the PD generation in our patient might be 
related to the periventricular white matter lesions in parietal area which cause cortical hyperexcitability by disinhibition 
of the afferent fibers to the cortex. 

We consider the results do not exclude the random cortical firing of multiple dipoles or limited single dipole 
triggered by subcortical system, that is, by ascending pathway from thalamus or brainstem, with a certain frequency, 
because we cannot detect the magnetic activities generated in the deep structures. In fact, in an animal experimental 
model of SSPE by Sugita et al. [71, neurons in the thalamus as well as cortex of the affected animals had severely 
degenerated cytoplasm. In additioin, using dipole tracing methods, Yagi et al. [81 speculated that generators of periodic 
synchronous discharges and myoclonus were located in the subcortical part of the cerebrum, an area adjacent to the 
thalamus. The myoclonus of the right-sided extremities in our patient is considered to be cortical reflex type, because 
the giant SEP (enhanced N20-P27) by the left-sided median nerve stimulation and C-reflex were observed. However, it 
is not definite, because we could not demonstrate a cortical spike preceding the myoclonus by jerk-locked averaging 
method. As mentioned above, the myoclonic movements included continuous hypertonicity in extremities mimicking 
dystonia. So basal ganglia may also be involved in the generator mechanism of the myclonic movement. In fact, in the 
advanced stage, basal ganglia changes, usually involving the putamina, were seen in one third of patients. [3) Following 
intrathecal interferon- # and inosiplex therapy, the enhanced N20-P27 was normalized. At the same time, the reduction 
of the amplitude and dipole moment of the SEF components, N20m, P30m and P60m, and disappearance of the 
myoclonus were observed. We interpret that the normalized N20-P27 in SEP and the reduced N20m-P30m in SEF are 
the different expression of a single phenomenon. Because the current source of N20m, P30m and P60m were localized 
in SI before and after the therapy, the therapy seemed to reduce the SI hyperexcitability and the generator mechanism of 
the myoclonus seems to be related, at least in part, to hyperexcitability of SI. The periventricular white matter lesion 
revealed in MRI might have involved the ascending inhibitory system, thus disinhibiting SI and causing cortical reflex 
myoclonus. The combined study of MEG,SPECT, and MRI made it possible to visualize the related area to the PDs 
and myoclonus in SSPE patient. 
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Abstract 

In order to localize the generator site of epileptiform discharges, we applied the technique of jerk-locked 
back averaging (JBA) of magnetoencephalographic (MEG) activities and dipole source localization in a patient with 
epilepsia partialis continua (EPC), who showed continuous, focal myoclonic jerks in the right arm. The 
myoclonic discharges in the right thenar muscle were used as a trigger pulse. JBA revealed consistent EEG and 
MEG transients that coincided consistently and constantly preceded the myoclonic jerks. The estimated dipoles of 
MEG were localized in a restricted area in the left precentral area, which closely correlated with the area of epileptic 
discharges recorded in electrocorticography. Therefore, JBA of MEG is considered to be a useful non-invasive 
method for localizing the epileptogenic area in EPC. We also attempted to determine the epileptic focus in patients 
with intractable seizures. The dipole locations of the spikes in the lateral convexity of the temporal lobe was easily 
estimated while we found it difficult to determine the sources of medial spikes. This is probably caused by a quick 
decay of magnetic fields from deeper sources. 


Introduction 

It has been revealed that the magnetoencephalography (MEG) can localize a source of electrical activity in 
the human brain within 2-3 mm of accuracy. In the present study, we carried out two studies to determine the 
feasibility of the MEG for localising the epileptic discharges. First, we applied the technique of jerk-locked back 
averaging (JBA) of MEG activities and dipole source localization in a patient with epilepsia partialis continua 
(EPC) [1]. Second, we attempted to determine the epileptic focus in patients with temporal lobe epilepsy [2]. 


Methods 

Jerk-locked back averaging of MEG activities 

We studied a 69-year-old man with EPC, who showed continuous, focal myoclonic jerks in the right arm. 
Magnetic resonance imaging (MRI) showed a subcortical lesion of T2-weighted hyperintensity in the left frontal 
lobe, including the premotor area and a part of motor cortex. EEG, surface EMG and MEG were recorded 
simultaneously, and they were subjected to JBA. A 37ch-MEG (BTi Magnes) sensor was placed over the left 
frontoparietal region. Twenty to 50 signals of MEG and EEG were back-averaged on-line with a work station 
(SUN, SPARC Station), with an analysis time of 600 ms (300 ms before and 300 ms after the trigger pulse). The 
EMG signal of the right thenar muscle was converted to a trigger pulse for the JBA, when the myoclonic 
discharges of the thenar muscles reached a preset level [3]. Dipole source localization was performed, by the use of 
the least squares search, on both the back-averaged MEG spike activity and non-back-averaged single MEG spike 
activity, which did not always coincide with the myoclonic jerks. We analyzed only the dipole sources that were 
estimated with correlation coefficients more than 0.98 [1]. The estimated dipole source was overlaid on the MRI 
of the patient's brain. Electrocorticography (ECoG) under general neurolepto-anesthesia was performed with a 
bandpass between 0.5 and 60 Hz. A 3 x 5 grid electrode (inter-electrode distance: 1 cm) was placed over the left 
frontoparietal lobes to identify the epileptogenic zone during surgery. The dipole location of the back-averaged 
MEG spikes was then compared with the findings of ECoG. 
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Temporal lobe epilepsy 

The subjects consisted of five patients with intractable seizure who received presurgical evaluation of the 
epileptogenic focus. Three patients showed spike activity in the unilateral temporal region on scalp EEG but had 
not proved to be medial or lateral type of temporal lobe epilepsy. The other two patients showed spike foci in the 
lateral convexity of the temporal lobe. Chronic subdural grid electrodes were placed over the medial, basal and 
lateral convexity to record ECoG. We recorded MEG and ECoG of the epileptic discharges simultaneously. 


Results 

Epilepsia partialis continua 

Focal small spikes or sharp waves were recorded frequently at C3 in the conventional EEG, and they did not 
always coincide with the myoclonic jerks. A consistent initial negative sharp potential appeared on the JBA of the 
EEG activity (Fig. 1). It preceded the myoclonic jerks, and was observed over C3, Cz and C4, with the highest 
amplitude at C3. Its onset was at 21 ms (13-28 ms) on average prior to the onset of myoclonic jerks. The JBA of 
MEG clearly showed a consistent MEG transient that was time-locked to the myoclonic jerk of the right thenar 
muscle (Fig. 1). The MEG transients were associated with the EEG spikes in all of five sessions of JBA. The 
back-averaged MEG transients showed phase reversal (Fig. 1), and this mostly coincided with the onset of the 
back-averaged EEG negative spike with a mean time lag of 4 ms (range 0-7 ms). The peak of phase reversal also 
preceded 
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-300 0 300 ms 

Fig. 1 The temporal relationship of jerk-locked 
back averaged EEG, MEG and EMG activities. The 
superimposition of the back-averaged MEG, recorded 
with a 37ch-MEG sensor placed over the left fronto¬ 
parietal region, shows a phase reversal (a thin arrow). 

It also coincides with the onset of the negative 
potential of the back-averaged EEG, and precedes the 
onset of the myoclonic jerks (a thick arrow) by about 
18 ms. The EMG is observed as an unrectified 
recording. (Adpoted from Shigeto et al [1]) 



Fig. 2 The dipole locations of the back- 
averaged MEG transients overlaid on the MRI. 
There is aroundT2-weighted hyperintensity lesion 
in the subcortical region of the left frontal lobe, 
including the premoter area and a part of the motor 
cortex. The dipoles detected by the jerk-locked 
back averaging of MEG are located in the 
precentral gyrus (□), while those of single MEG 
spikes are scattered widely around the lesion (O). 
Arrow heads ( 4 ) indicate the central sulcus. The 
location of corticography electrodes (5 and 8) are 
also marked. MRI image each was 7 mm thick. 
(Adpoted from Shigeto et al [1]) 


the onset of the myoclonic jerks by 18 ms (13-21 ms) and its duration was about 30 ms. The estimated equivalent 
current dipoles of these back-averaged MEG transients, i,e. those that were time-locked to the myoclonic jerks in 
the right thenar muscle, were located in the left precentral gyrus near the lesion in a volume of 1.66 x 0.71 x 2.33 
cm (antero-posterior x medio-lateral x superior-inferior axis, respectively), while those of single MEG spikes, that 
were not frequently time-locked to the jerks, were scattered over a much wider area around the T2-hyperintensity 
lesion in the left frontal lobe (Fig. 2). To abolish the intractable jerks in his right arm, surgery was carried out. 
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Continuous epileptic discharges were restricted to the precentral gyrus on intraoperative ECoG. The histological 
findings of the T2-prolonged lesion were consistent with those of focal cortical dysplasia. 


Temporal lobe epilepsy 

A total of 135 spikes were identified by the ECoG among the 5 subjects: 60 spikes were originated from 
the medial temporal lobe while 75 spikes were present in the lateral convexity. All epileptic discharges localized in 
the medial temporal lobe were not detected by the MEG (Fig. 3). In contrast, 32 (42.7%) of 75 spikes of lateral 
convexity were detected by MEG (Fig. 4). It was necessary for the lateral spikes to be detected that the amplitudes 
of the spikes exceeded more than 300 |iV and spread more than 4 cm 2 (Fig. 4). 


Medial Spike 



100 ms 


Fig. 3 Simultaneous recording of ECoG and 
MEG in a 24-year-okl male patient with intractable 
seizure. The interictal ECoG shows the spike in the 
medial grid electrodes while MEG does not pick up 
the corresponding activity. Abbreviations in this 
and Fig. 4: ECoG: Electrocorticography, MEG: 
Magnetoencephalography 
(Adpoted from Tobimatsu et al [2]) 


Convexity Spike 



Fig. 4 Simultaneous recording of ECoG and 
MEG in a 14-year-old male patient with in¬ 
tractable seizure. The interictal ECoG shows the 
small spikes with the amplitude of about 100 |iV 
that spread over 9 electrodes (9 cm 2 ) in the lateral 
grid electrodes. In contrast to the medial spikes, 
MEG picks up the corresponding activity. 


Discussion 

EPC is focal motor epilepsy, characterized by the clonic twitching of one group of muscles, usually of the 
face, arm, or leg without spreading to other parts of the body. It is difficult to determine clearly the temporal 
relationship between the EEG spikes and the myoclonic jerks in polygraphic recording of EEG and EMG. Some 
EEG spikes are followed by myoclonic jerks, while others are not. The technique for the back averaging of EEG, 
triggered by myoclonic EMG discharges, is able to detect the EEG spikes preceding the myoclonic jerks, even 
when there are no such spikes on conventional EEG [3]. JBA of EEG detects a particular spike activity that is 
time-locked to a myoclonic jerk used for the trigger pulse. Our study further extended the applicability of this 
method to MEG and also demonstrated its feasibility in selecting particular MEG transients that are directly related 
to the myoclonic jerks, and localizing the generator source in the 3-dimensional aspects of the brain. The patient 
had cortical dysplasia in the left frontal lobe including premotor area and a part of motor cortex, as revealed by the 
T2-weighted MRI, and the dipole source localization of the back-averaged MEG transient in this patient revealed 
well restricted generators of the paroxysmal transients in the left precentral gyrus near the lesion. The accuracy of 
the localization of the MEG transients was further supported by the ECoG findings. These findings were also 
consistent with the view that EPC may have a cortical origin [4]. The location of the equivalent dipoles of single 
MEG spikes were scattered widely around the lesion, while those of the back-averaged MEG transients were located 
in the fairly restricted area of the left precentral gyrus. This was attributed to the fact that the technique of JBA 
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only picked up the spikes that were time-locked to the myoclonic jerks. Alternatively the averaged spikes have a 
higher signal to noise ratio than unaveraged single spikes. Thus, the epileptogenic focus can be detected non- 
invasively with a reasonable degree of accuracy when the technique of JBA of MEG is applicable to a case such as 
EPC. Therefore, we conclude that JBA of MEG activities is a useful technique for assessing the epileptogenic area 
of EPC. 

Source localization of the spikes in temporal lobe epilepsy 

Since magnetic fields are not distorted by volume conductors, magnetic field measurements may improve 
localization of epileptic activity in case of partial epilepsy [5]. MEG is considered to be useful for locating 
epileptogenic focus in partial epilepsy [5, 6]. However, it has not been fully elucidated that how much area of the 
spike activity contributes to the magnetic field of the scalp, and whether spike activities generated in the medial 
temporal lobe can be detected by MEG. In the present study, we recorded 60 spikes in the medial temporal lobe and 
75 spikes in the lateral convexity. All epileptic discharges localized in the medial temporal lobe were not detected 
by the MEG. Although the electrical activities of the lateral convexity were detected by MEG, it was necessary to 

9 

be detected that the amplitudes of the spikes exceeded more than 300 |iV and spread more than 4 cm . These results 
suggest that the MEG has some limitation for detecting the epileptic discharges in the medial temporal lobe due to 
a rapid decay of the magnetic field. However, the MEG is useful to determine the spike focus in the lateral 
convexity, depending on the amplitude of the spike and spreading area. 
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Introduction 

Temporal lobe epilepsy (TLE) is an intriguing syndrome especially from the viewpoint of functional anatomy of 
psychic functions, since it shows various psychic symptoms as seizure manifestations, and also has the strongest 
tendency to develop psychosis among localization-related epilepsies [l, 2]. As magnetoencephalography (MEG) is able 
to localize the generators of interictal epileptiform discharges found in patients having localization-related epilepsies 
with considerable precision [3, 4], it seems of great interest whether MEG spike localization can differentiate various 
symptoms of TLE. Interictal magnetic spikes in patients with TLE can be localized onto the temporal lobes and 
classified into several distinctive types [5]. We found two major types among them. One of which is positioned on the 
lower part of the temporal lobe and oriented from anterior toward posterior as shown in Fig. 1, and we name this 
“infratemporal-horizontal (IH) type”. The other is positioned on the upper part of the temporal lobe and oriented from 
superior toward inferior as shown in Fig. 2, and we name this “supratemporal-vertical (SV) type”. In this study, we 
investigated statistically the correlations between these two types of spike-dipoles and symptomatology of TLE. 

Methods 

The subjects of this study were 57 patients who had been diagnosed electro-clinically as having TLE, studied by 
MEG and showed “clustering” of spike-dipoles. Age of the patients ranged from 14 to 46 (mean = 27) years old. 
Twenty-six of them were male and 31 were female. MEG measurements were performed using Magnes and Magnes II 
(a dual sensor system containing 37 channels of first order gradiometer in each sensor; Biomagnetic Technologies Inc., 
San Diego, USA), which were positioned symmetrically on both temporal regions of the patients, with simultaneous 
recordings of scalp EEG which helped us detect epileptiform discharges. Equivalent current dipoles of magnetic spikes 
collected (spike-dipoles) were calculated off-line by the attached software, and overlaid on MR images. “Clustering” of 
spike-dipoles was approved only when more than 10 dipoles were concentrated within a 3 cm cube. Then spike-dipole 
clusters found in the patients were classified according to the anatomical localization and orientation of dipoles. 

Statistical analyses were made only on two major types of spike-dipole localization found in the subjects, 
namely, “IH type” and “SV type” defined as above. Correlations were tested statistically between the two types of 
spike-dipoles and seizure types and between those and history of psychosis, using Fisher’s exact probability test. As all 
the patients studied had complex partial seizures, three types of simple partial seizure or aura which had been associated 
with TLE, namely, autonomic seizures, auditory seizures and psychic seizures were investigated. Patients who did not 
have any type of aura were classified separately as “no aura”. Correlations among these three types of aura and 
psychosis were also tested so that results could be interpreted appropriately. 

In order to examine the effect of laterality of temporal magnetic foci, 4 patients having bilateral spike-dipoles 
(see results) were excluded from the subjects and remaining 53 patients were investigated. IH type and SV type were 
split into right- and left-sided groups, and correlations were tested in the same way as above between the four groups of 
spike-dipoles and symptomatology. 

Results 

Of the 57 patients, 25 had autonomic seizures, 10 had auditory seizures, 16 had psychic seizures and 14 had no 
aura. Thus 75% of the patients had one or more types of aura. Ten patients had two types of aura, 5 of which had both 
autonomic and psychic seizures, and the other 5 had both auditory and psychic seizures. One patient had all of the three 
types of aura. Among the three types of aura, there were no positive correlations, although there was a strong reverse 
correlation (p = 0.0001) between autonomic seizures and auditory seizures. Sixteen out of the 57 patients had episodic 
or chronic history of psychosis, and psychosis did not correlate with any seizure types or “no aura”. 

Of the same 57 patients showing spike-dipole clusters, 33 patients showed IH type of spike-dipoles and 27 
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showed SV type. Among them 10 patients showed both types, ipsilaterally in 8 and contralateralJy in 2. Three patients 
had bilateral SV type, and one had bilateral IH type. None had more than two spike-dipole clusters. Thus 50 or 88% of 
the patients had either IH type or SV type of spike-dipoles, and Fisher’s test showed that presence of the two types are 
statistically exclusive as shown in Table 1. 

The results of statistical analyses of correlations between spike-dipole types and symptomatology are 
summarized in Table 2. EH type showed a strong correlation with autonomic seizures (p = 0.0004) and did not with 
cither auditory seizures or psychic seizures, or history of psychosis. While, SV type showed correlations with both 
auditory seizures (p = 0.0002) and psychic seizures (p = 0.0419) but not with autonomic seizures. SV type correlated 
strongly also with history of psychosis (p = 0.0002). Neither of the two types of spike-dipoles showed a correlation 
with “no aura”. 

The results on lateralized groups were as follow. Right IH type did not show correlations with any seizure types 
or history of psychosis. Left IH type showed a weak correlation with autonomic seizures (p = 0.0456) and reverse 
correlations with both auditory seizures (p = 0.0386) and psychic seizures (p = 0.0335), but no correlation with 
psychosis. Right SV type showed strong correlations with both auditory seizures (p = 0.0144) and psychic seizures (p = 
0.0023) and a strong reverse correlation with autonomic seizures (p = 0.0067), but no correlation with psychosis. Left 
SV type did not show correlations with any seizure types but did a strong correlation with psychosis (p = 0.0017). None 
of the four groups of spike-dipoles showed a correlation with “no aura”. 



Fig. 1: “IH (Infratemporal-Horizontal) type” of temporal spike-dipoles. 



Fig. 2 : “SV (Supratemporal-Vertical) type” of temporal spike-dipoles. 
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Table 1: Presence of IH type and SV type of spike-dipoles in 57 patients with TLE. 
They are statistically exclusive (p = 0.0027; Fisher’s exact probability test). 



IH type 


(+) 

(-) 

SV type 

(+) 

10 

17 

27 

(-) 

23 

7 

30 


33 

24 

57 


Table 2: Summary of correlations between spike-dipole types and symptomatology. 
Abbreviations: n. s. = non-significant, reverse = reverse correlation. 



no aura 

autonomic 

seizures 

auditory 

seizures 

psychic 

seizures 

psychosis 

IH 

n. s. 

D < 0.01 

n. s. 

n. s. 

n. s. 

IH(L) 

n. s. 

p < 0.05 

reverse 

reverse 

n. s. 

IH1R) 

n. s. 

n. s. 

n. s. 

n. s. 

n. s. 

SV 

n. s. 

n. s. 

D<0.01 

p < 0.05 

pcO.Ol 

SV(L) 

n. s. 

n. s. 

n. s. 

n. s. 

p<0.01 

SV(R) 

n. s. 

reverse 

p < 0.05 

p<0.01 

n. s. 


Discussion 

EH type and SV type of spike-dipoles are clearly distinctive, if the number of spike-dipoles calculated is large 
enough. Their presence is statistically exclusive from each other, although they occasionally coexist in individuals. 
They showed clear differences in the correlations with the seizure types investigated. As auras or simple partial seizures 
arc known to have high localizing value [5), the results of this study imply that MEG spike localization can be utilized 
as a tool for “non-invasive functional anatomy”. 

IH type strongly correlates with autonomic seizures and does not correlate with either auditory seizures or 
psychic seizures, while SV type correlates strongly with both auditory seizures and psychic seizures and does not with 
autonomic seizures. Ebersole and collaborators postulated three types of spike-dipoles in TLE, based on the analysis of 
correlation between magnetic spike-dipoles and invasive studies, in previous reports [6]. As our IH type seems to 
correspond to Ebersole’s “anterior temporal A-P horizontal” type, it is supposed to represent mesial onset seizures. And 
autonomic seizures, especially abdominal sensations, are thought to originate from the mesial structures of temporal 
lobes [7], so it seems reasonable that IH type correlates with autonomic seizures. On the other hand, our SV type seems 
to include both of Ebersole’s “anterior temporal vertical” type and “posterior temporal vertical” type. Ebersole divided 
this group of spike-dipoles into two types, because the former correlated with mesial onset seizures and the latter with 
lateral or non-localized onset. This division is not supported, however, from our symptomatological viewpoint. 

The laterality of spike-dipoles appeared to have great significance concerning symptomatology of TLE. IH type 
appeared to have no more than a weak laterality effect, as when divided into right- and left-sided groups, only the left 
correlated with autonomic seizures with a rather high p (0.0456). This result seems to contradict some reports on EEG 
abnormalities found in patients with TLE, which suggested that autonomic auras or visceral sensations are strongly 
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lalcralized lo Ihe right [8, 9). On the other hand, the correlations between SV type and either of auditory seizures and 
psychic seizures were found exclusively in the right-sided group. This result is in accordance with some reports on 
EEG abnormalities in TLE and those on cortical stimulation. For example, Gupta et al suggested that psychic seizures 
are also latcralized to the right [8], and Penfield and collaborators showed that only right or non-dominant side 
temporal cortex produced psychic responses by electrical stimulation [10-12]. On the other hand, left SV type did not 
correlate with any seizure types, but did correlate strongly with history of psychosis. On the laterality of occurrence of 
psychosis in TLE, many researchers claimed the preponderance of the left side focus [2], and our data supports them. 

These results may be explained by the lateralization of the “interpretive module” [13] or the “observer” in the 
brain which is thought to be responsible for self-monitoring. If a confined seizure occurred on the right temporal cortex, 
it could be observed and interpreted by the “observer” in the left temporal cortex, and the seizure would be noticed and 
reported as an aura by the patient. However, seizures occurring on the left temporal lobe often cannot be observed, 
because the “observer” in the left would be involved in or disturbed by the seizure. Then the patient would not notice 
the seizure and would not report an aura. Furthermore, such dysfunction of the “observer” could generate psychosis, as 
psychosis might be characterized by disorder of self-monitoring. Recent reports which suggest dysfunction or malformation 
of the left superior temporal gyrus in schizophrenics [14,15] seem to support this view. 

In conclusion, distinction between these two types of temporal spike-dipoles by MEG is evidently significant 
concerning symptomatology of TLE and also on studies of psychic functions of the human brain. 
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Background 

Dipole models of MEG spikes have been used for over 15 years in an attempt to localize the epileptogenic 
focus in patients with medically-uncontrolled temporal lobe epilepsy [1-7]. Much progress has been made during 
this period of time, particularly in the spatial coverage of the sensors. Early MEG recording was hampered by small 
channel numbers, which required multiple recording sites to map the magnetic field of spikes. Accordingly, the 37- 
channel systems introduced several years ago were the first truly clinical devices. Since that time MEG sensor 
numbers have grown to more than 100, and coverage now includes the whole head. 

Requirements for localizing epileptogenic foci are different from those applied to evoked potentials. Spike and 
seizure sources are large, covering up to 20 or more cm2. Surgical resections also involve cubic centimeters of 
tissue. Millimeter accuracy is thus both excessive and unnecessary. What is important is identifying epileptic 
sources at a sublobar level. In the temporal lobe it is important to distinguish classic baso-mesial limbic epilepsy, for 
which standard lobectomy is highly successful, from temporal neocortical epilepsy, for which a more tailored 
surgical resection may be necessary. 

Most of the early MEG investigations modeled only the peak of the spike and interpreted only dipole location. 
However, the temporal lobe is a relatively small and nearly cylindrical. Therefore, source orientation in addition to 
location may be useful in differentiating sublobar sources (See Fig.2). Spike propagation is also common in the 
temporal lobe, and modeling just the spike peak may result in erroneous localization of its origin. 

Methods 

Forty patients with medically uncontrolled complex partial, temporal lobe epilepsy were evaluated. MEG 
recordings were made with 37- or 74-channel devices (BTI Magnes) at one to four locations over each hemisphere. 
Total duration of the recording session was from two to five hours. Simultaneously, 21 channels of scalp EEG were 
monitored. MEG spikes were visually identified and their fields reviewed topographically for evolution over the 
duration of the discharge. Instantaneous single and moving dipole models were calculated for each spike using a 
spherical model that best fit the local curvature of the skull. In cases of spikes with changing fields, spatio-temporal 
multiple dipole models were obtained as well. Classification of the dipole pattern of each spike was based on the 
single dipole model at the point of maximal dipolarity and minimal residual variance (usually the peak of the spike). 
Model dipoles were co-registered with the patient’s head MRI for anatomical correlation. The predominant MEG 
spike dipole pattern was determined, and this was compared to the results of MRI imaging and intracranial EEG 
monitoring in the same patient. 

Results 

Among the patients studied, dipole models of MEG spikes were not randomly distributed throughout the 
temporal lobe. Instead, they clustered in several regions and had only a few orientations. We identified three 
distinctive patterns of temporal lobe spike dipoles [8-10]. 

One group of MEG spikes were modeled by dipoles located in the antero-mesial temporal lobe that had a 
predominantly horizontal and antero-posterior (AP) orientation (Fig.l). Fifteen of the forty patients had this as their 
dominant type of MEG spike. These spikes often had stable magnetic fields over time, suggesting a non¬ 
propagating source. Only cortex of the temporal lobe tip would have the appropriate net orientation for such a 
dipolar source. Other spikes in this group had fields that changed significantly over their duration. Moving single or 
multiple spatio-temporal dipole modeling commonly revealed that the earliest magnetic field corresponded to a 
vertical dipole, which most likely represents activity in the temporal lobe base. Within 15 to 30 msec, the orientation 
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subsequent dipole models progressively rotated to assume the horizontal orientation characteristic of the spike peak. 
This evolution suggests spike propagation from basal to temporal tip cortex (Fig.2). 

MEG spikes of this antero-mesial temporal, A-P horizontal (ATH) class almost always were associated with 
prominent EEG spikes. The peak of the EEG spike typically was synchronous with or followed the peak of the MEG 
spike. Voltage topographic maps of the EEG spikes revealed an inferior ffonto-temporal negative maximum and a 
vertex or posterior positive maximum, that is characteristic of the so-called Type 1 spike [12,13]. EEG spikes with 
later peaks often showed a movement of its negative maximum from ffonto-temporal to lateral temporal locations. 
Similarly, dipole models of these EEG spikes commonly showed an similar initial AP horizontal orientation, but 
subsequent dipoles took on a more radial orientation. This suggests that some of these spikes continued to propagate 
from the temporal tip to the lateral temporal cortex. Such radial sources were best appreciated on EEG. 

Of the 15 patients having predominantly ATH spikes, 11 (73%) had ipsilateral hippocampal atrophy identified 
on their brain MR1. Only 4 patients in this group had reportedly normal MRI's. Thirteen of these patients underwent 
intracranial EEG monitoring to localize the origin of their seizures. In 11 of the 13 (85%), seizure onset was 
localized to the mesial temporal region (amygdala, hippocampus, or entorhinal cortex). Only two patients had 
temporal neocortical seizure origins. 

A second group of MEG spikes had dipoles that were also in the anterior temporal region, however, their 
location was more superior and their orientation was vertical, when modeling the spike peak (Fig.l). Six of the 40 
patients had these anterior temporal vertical (ATV) spikes as their predominant type. Cortex of the anterior superior 
temporal plane has the appropriate net orientation to the generator of these spikes. ATV spikes had both stable and 
evolving fields. In the latter case, dipole models of the earliest magnetic field often had a horizontal orientation 
similar to the MTH spike group. Subsequently the dipoles rotated to assume the vertical orientation. This 
progression is consistent with spike propagation from the anterior temporal tip to its superior surface. The opposite 
direction of propagation was also noted in the spikes of some patients (Fig.2). ATV MEG spikes often did not have 
a distinct EEG counterpart. When they did, it was associated with the horizontal MTH-like component of a 
propagating spike. 

Of the 6 patients with ATV spikes, 3 (50%) had hippocampal atrophy on MR1 and 3 had normal studies. Four 
of the six patients underwent intracranial EEG monitoring. All four had seizure origins in the mesial, entorhinal, or 
temporal tip cortex. None had seizures beginning in the lateral temporal neocortex. 

The final group of MEG spikes were modeled by dipoles located in the superior mid to posterior temporal 
region and having a vertical orientation (PTV) (Fig.l). The superior temporal plane is the most likely source for this 
dipole orientation. Cortex in the sulci between inferior, middle, and superior temporal gyri also has an appropriate 
orientation, but the source would have to be on only one bank of the sulcus, otherwise the magnetic field would 
suffer cancellation from that of the opposing bank. PTV spikes usually had stable fields, but occasionally field 
rotation suggested localized propagation. PTV spikes were seldom associated with an EEG field. 

Nineteen of the 40 patients studied had PTV spikes as the predominant type. Brain MRI findings were 
variable. Six patients had hippocampal atrophy; 7 patients had lesions, encephalomalacia, or cortical dysplasia; 6 
patients had normal studies. Seventeen of the 19 patients in this group underwent intracranial EEG monitoring. 
Seizures began in lateral temporal neocortex or were unlocalized in 14 (82%). The mesial temporal structures were 
the seizure origin for only 3 patients. 

Discussion 

Dipole models of most spikes in patients with temporal lobe epilepsy segregate into three patterns - anterior 
temporal horizontal (ATH), anterior temporal vertical (ATV), and posterior temporal vertical (PTV) [8-11]. These 
dipole orientations, as well as locations, suggest principal sources in particular temporal sublobar surfaces, namely 
temporal tip, anterior superior and posterior superior temporal plane, respectively. Although the magnetic field of 
many spikes is stable, propagation is apparent in a significant number, particularly spikes of the anterior temporal 
categories. Propagation between temporal basal and tip cortex and between anterior and superior temporal tip cortex 
was most common. 

MEG spike dipole patterns were associated with brain MRI findings. ATH spikes were often seen in patients 
with hippocampal atrophy, while PTV spikes were more likely found in patients with lesions, encephalomalacia, or 
cortical dysplasia. MEG spike dipole patterns were highly correlated with seizure origin as validated by intracranial 
EEG. ATH and ATV spikes were seen predominantly in patients with seizures beginning in mesial, entorhinal, or tip 
cortex. Such seizure onset zones would be resected in a standard antero-mesial temporal lobectomy. PTV spikes 
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were recorded from patients with non-localized seizures or those beginning in lateral temporal neocortex. These 
seizure onset zones may not be resected in a standard temporal lobectomy. A tailored cortical resection, based on 
intracranial EEG monitoring and cortical stimulation studies, may be required. 

That MEG spike dipoles can predict in most instances seizure origin requires certain close associations. The 
first is that there is definite relationship between spike sources and seizure sources; the second is that there are 
certain common propagation pathways for spikes (and seizures) in the temporal lobe. ATH spikes (with an early 
vertical basal dipole component) are typically recorded from patients with classical mesial limbic epilepsy because 
the most likely propagation pattern for a hippocampal spike is to basal, entorhinal cortex and from there to temporal 
tip cortex. Previous studies, in which recordings were simultaneously taken from intracranial and scalp sites, have 
demonstrated that spikes remaining in the hippocampus cannot be recorded from scalp EEG [14,15]. It is unlikely 
that MEG can record hippocampal spikes. However, just as with EEG, propagation to a larger area of cortex 
(temporal base or tip) provides a suitable source for generating a recordable field. 

MEG can be a clinically useful tool. MEG analysis, such as the spike dipole categorization discussed above, 
may identify among epilepsy surgery candidates those patients who do not need invasive EEG monitoring prior to 
standard temporal lobectomy and those patients who probably do need such additional investigations. In the latter, 
MEG dipole modeling can help guide the placement of intracranial electrodes for chronic or intra-operative 
electrocorticographic recordings. 



Fig. 1 - Three patterns of MEG spike dipoles noted in patients with temporal lobe epilepsy. Left: Anterior 
temporal A-P horizontal (ATH). Middle: Anterior temporal vertical (ATV). Right: posterior temporal 
vertical (PTV). 
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Fig.2 - Left: Dipole orientation can most easily distinguish sublobar cortical sources in the temporal lobe. 

Middle: Common spike propagation pathways - hippocampus to basal cortex, basal cortex to temporal tip 

cortex and vice versa. Left: Common spike propagation pathways - superior to anterior and inferior temporal 

tip cortex and vice versa. 
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